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BIOLOGICAL OXIDATION AND REDUCTION OF INORGANIC COMPOUNDS OF SULFUR
Harry D. Peck, Jr.

Department of Biochemistry, University of Georgia,
Athens, Georgia 30602

The biological processes involved in the oxidation and reduction of inorganic
compounds of sulfur are generally represented by the idealized "biological sulfur
cycle" shown in Figure 1 (18). Sulfate and sulfide are pivotal compounds in the
scheme as they represent both the most common forms of inorganic sulfur found in
nature and are the most common forms of sulfur incorporated into biological materi-
als. At the top of the scheme, the biosynthetic reactions involving the incorpora-
tion of sulfate as ester linkages into carbohydrates, lipids, phenol, steroids, etc.
(14) are indicated as sulfation reactions. Sulfation reactions are extensively
involved in the biosynthesis of structural components in plants and animals but sul-
fate esters have only rarely been reported to occur in bacteria. All three groups
of organisms do have sulfatases which specifically hydrolyze the various esters. On
the right hand portion of the scheme, the eight electron reduction of SO:2 to s-2
is represented and, at the bottom of the scheme, the biosynthesis of amino acids and
cofactors (or vitamins) from S=2 is shown. On the left hand portion of the scheme,
the oxidation of reduced sulfur compounds is indicated (shown here as sulfide but
other common substrates include 52032 and elemental sulfur). The biological aspects
of inorganic sulfur metabolism thus provide the essential transformations for the
incorporation of sulfur into biological materials and a link between the appropri-
ate geological and biclogical phenomena.

The oxidative and reductive process have been further classified depending on
the organisms and the physiological significance of the process in their metabolism.
Two physiological types of sulfate reduction are recognized (21). The first is
assimilatory or biosynthetic sulfate reduction in which organisms reduce only enough
sulfate to meet their nutritional requirements for sulfur. This pathway is consid-
ered to be in the pathway for the biosynthesis of cysteine and is usually under both
coarse and fine metabolic regqulation (29). BAnimals do not classically reduce sulfate
and must depend upon plants and bacteria for their metabolites containing reduced
sulfur. This pathway occurs in most plants and bacteria, including aerobes and
anaerobes, and, because of its wide occurrence, is probably the largest biological
process for the reduction of sulfate; however, only indirectly during the digestion
and hydrolysis of biological materials does this pathway produce sulfide in nature.
The second sequence involved in the reduction of sulfate is the dissimilatory or
respiratory pathway of sulfate reduction in which sulfate in the absence of oxygen
serves as a teminal electron acceptor for anaerobic respiration (13). This pathway
of sulfate reduction occurs only in the sulfate-reducing bacteria, species of Desul-
fovibrio (25) and Desulfotomaculum (4), and results in the formation of very large
amounts of 57°. Respiratory sulfate reduction is the process responsible for the
formation and accumulation of most S™2 in nature and is believed to be involved in
many geochemical phenomena. The enzymes of the respiratory pathway are constitutive,
i.e. not effected by growth conditions, and the intermediates and enzymes responsible
for respiratory sulfate reduction are quite different from those involved in biosyn-
thetic sulfate reduction. Members of the genus, Desulfovibrio are the most exten-
sively studied of the sulfate-reducing bacteria. These bacteria have only a limited
capability for oxidizing substrates (Hz, formate, pyruvate, lactate, ethanol,
fumarate) and are the first non-photosynthetic anaerobes in which c-type cytochrome
were discovered (24). They also produce many low molecular weight electron carriers
(13) and oxidative phosphorylation has been demonstrated to be coupled to electron
transfer (19).
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Most plants, bacteria and animals are capable of oxidizing reduced inorganic
and organic compounds of sulfur to sulfate. Thus, a specific requirement of sulfate
for growth has never been reported although it is extensively involved in essential
biosynthetic reactions in plants and animals. Reduced sulfur compounds can also be
utilized by microorganisms as electron donors for both aercbic and anaercbic growth,
as well as photosynthetic growth with the formation of sulfate. Members of the
genus, Thiobacillus, oxidize s-2, 52032 and S° to SOKZ in the presence of oxygen and
gain energy for growth in the form of adenosine triphosphate (ATP) by means of oxi-
dative phosphorylation (32). One species, T. denitrificans can utilize either oxygen
or nitrate with the formation of N» as terminal electron acceptor. Photosynthetic
bacteria, members of the Chromatiaceae (purple sulfur bacteria) and Chlorobiaceae
(green sulfur bacteria) can use reduced sulfur compounds as electron donors for
photosynthetic growth first with the formation of S° and subsequently SOEZ. Although
the biological sulfur cycle generally involves a large number of diverse organisms,
it is possible to construct a simple, light-driven sulfur cycle by means of a sul-
fate-reducing bacterium and a photosynthetic bacterium. This is not a primary pro-
ducing system, as water can not serve as a source of electrons, but it provides a
model system for the study of the interactions required for the biological sulfur
cycle. In addition, this simple form of the cycle may represent a primitive system
for the conversion of solar energy into biologically useable energy.

In most soils and natural environments, there is a continuous flux of sulfur
through the biological sulfur cycle without the accumulation of intermediates or sig-
nificant changes in the concentrations of sulfate and sulfide. This situation can
then be regarded as an uninterrupted or continuous sulfur cycle. Under certain con-
ditions, one or more steps in this sulfur cycle can become inhibited with the result
that the concentrations of sulfate and sulfide are drastically altered, often with
dramatic effects on a specific environment. This can be considered to be an inter-
rupted or discontinuous sulfur cycle and its consequencegg will be briefly considered.
Under anaerobic conditions, the oxidation of reduced sulfur compounds is inhibited
(except in the presence of ¥o3!) and, with Soﬁz, organic electron donors or Hz and
an environmental pH above 4.5, copious amounts of s~2 can be produced by the sulfate
reducing bacteria. The consequences of this microbial reduction of sulfate to an
environment are complex but can be largely analyzed in terms of the chemical proper-
ties of H3S. Sulfide is an inhibitor of cytochrome oxidase which is essential for
aerobic respiration, reacts with molecular oxygen and generates a reducing environ-
ment because of its low E; value of about -300 mV. Thus, its formation in any
environment can result in the formation of anaercbic conditions and the inhibition
of aerobic flora. Sulfide alsco combines with heavy metals present in an environment
to form insoluble sulfides and there is some evidence to indicate that most pyrite
ores are formed from biologically produced sulfide. The black color of anaerobic
environments is due to this reaction and the Black Sea is claimed to derive its name
from the fact that in areas it appears to be black due to the abundance of FeS. As
indicated previously, sulfide and elemental sulfur can serve as substrates for the
growth of many microorganisms and on the periphery of an environment in which there
is extensive sulfate reduction (termed a "sulfuretum") one can often find high con~
centrations of Thiobacilli and/or photosynthetic bacteria. For example, in very
shallow marine environments, it is common to observe red and green photosynthetic
bacteria growing on the surface of sediments that are producing s-2. This phenomenon
is made possible in part because at physiological pH values, H»S is volatile and a
sulfuretum can usually be detected by our olfactory senses. The volatility of H2S
formed by sulfate reduction can also result in an environment becoming extremely
alkaline and it has been postulated to be the cause of the formation of certain
deposits of NazCO; by the absorption of CO; from the atmosphere. The concentration
of sulfate can be decreased in natural waters to the point that respiratory sulfate
reduction ceases and interactions with methanogenic bacteria become important as will
be discussed later. The sulfate-reducing bacteria have high levels of the enzyme
hydrogenase concentrated around the periphery of their cells (18) and the enzyme
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appears to be important both in the production and utilization of molecular hydrogen
which is commonly found in anaerobic environments. The ability to utilize extremely
low concentrations of H, has been postulated to be the role of the organisms in the
rapid anaerobic corrosion of iron (9). 'The various environmental aspects of respira-
tory sulfate reduction are summarized in Table 1 and most of these environmental

TABLE 1l: Environmental Effects of Respiratory Sulfate Reduction

1. Formation of Sulfide

2. Change of pH

3. Removal of Heavy Metals

4. Removal of Hydrogen

5. Removal of Sulfate

6. Changes in Microflora

7. Fractionation of Sulfur Isotopes

effects of respiratory sulfate reduction can be interpreted in terms of the chemical,

biological and physical properties of HS. Postgate (23) has presented a more detailed

and extensive discussion of these environmental effects of sulfate reduction. A
related aspect of these bacteria is the fractionation of sulfur isotopes occurring
during the reduction of sulfate which allows determination as to whether a given
deposit of reduced sulfur was formed by geological phenomena or biological agents (34).

Under aerobic conditions, the absence of organic electron donors and/or acidic
PH values (below 4.5) respiratory sulfate reduction is inhibited and a second type
of imbalance in the biological sulfur cycle created which leads to the formation of
very acidic environments (to pH 1.0). For this situation to occur, the precence of
reduced sulfur compounds, such as HyS, S° or 52032, which can be oxidized by the
Thiobacilli to sulfate as H2SO4, is required. In contrast to the sulfate-reducing
bacteria which require fixed carbon, these organisms can utilize CO, as their sole
source of carbon (35). This acidic environment occurs particularly where there is
poor drainage and its formation can inhibit the growth of a wide variety of soil bac-
teria. From an economic point of view, these microorganisms can be important agents
in the erosion of various types of stone and this aspect is emphasized by one isolate
of these bacteria being named T. concretivorous (17). In general, the various
physiological types of microorganisms responsible for the oxidation and reduction of
inorganic sulfur compounds have been isolated in pure culture and their physiology
studied sufficiently to predict and control the accumulation of sulfide and sulfate
in a given environmental situation.

The biochemistry of the reactions of inorganic sulfur compounds has been only
sporadically studied but although not all of the enzyme and reactions have been com-
pletely characterized, the reactions involved can at least be reasonably well out-
lined. Sulfate is first transported across the membrane of the cell by means of an
active process involving sulfate-binding proteins (16) and once inside the cell
universally reacts with ATP to form adenylyl sulfate (APS) and inorganic pyrophos-
phate (PPj) as shown in Table 2, reaction 1. The equilibrium of the reaction lies
in the direction of ATP and SO;° and, for significant formation of APS, the reaction
must be coupled to either or both pyrophosphate hydrolysis, Table 2, reaction 2, or
phosphorylation in the 3'-position to form 3'-phosphoadenylyl sulfate (PAPS), Table
2, reaction 3. PAPS serves as the substrate for all sulfation reactions, Table 2,
reaction 4, and forms a sulfate ester and 3',5'diphosphoadenosine (PAP), but spe-
cific enzymes, termed sulfotransferases, are required for the various acceptors such
as alcohols, phenols, steroids, etc. PAPS is also believed to be the form in which
S0;? is reduced to 5032 by the reduced triphosphopyridine nucleotide (TPNH;) specific
PAPS reductase Table 2, reaction 5; but, the role of this enzyme and that of the
TPNHz: sulfite reductase, Table 2, reaction 6, which catalyzes the 6 electron of
s03% to =2 in the biosynthetic pathway has recently been questioned (30). However,
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it remains clear that the biosynthetic pathway is biochemically distinct from the
respiratory pathway.

TABLE 2:

‘1.

ATP:sulfurylase +2

ATP + 5032 29 aps + pp,

Inorganic pyrophosphatase
2 .

PP, + H20 —M—g——'»_zpi

APS:kinase
Mg*?
ATP + APS —— PAPS + ADP

sulfotransferase

ROH + PAPS + ROSO3! + PAP

PAPS reductase

PAPS + TPNHz + SO32 + PAP +

Sulfite reductase

SO03% + 3TPNHz + S 2 + 3TPN + 3H,0

The Enzymes of Biosynthetic Sulfate Reduction

(28)

(28)

(27)

(14)

TPN

(37)

(31)

The initial step in the respiratory pathway of sulfate reduction is the same as
that in the biosynthetic pathway, that is, the formation of APS from ATP and SOZ2 by
ATP sulfurylase and its formation is coupled only to the hydrolysis of inorganic

- pyrophosphate, Table 2 and 3, reactions 1 and 2.

APS rather than PAPS is the form

TABLE 3:

1.

ATP:sulfurylase
ATP + SOs2 - APS + PPy

Inorganic pyrophosphatase

PP, + H;0 -+ 2P,
1 1

APS:reductase

APS + 2e > AMP + 8032

Bisulfite reductase

- + -
HSO3! + 2e + 3H + $3052 + 3H.0

Trithionate reductase

S3052 + 2e » S,032 + s03°

Thiosulfate reductase

S,052 + 2e + 5~2 + 5032

The Enzymes of Respiratory Sulfate Reduction

(Zé)
(28)
(20)
(11)
(10)

(8)

in which S03% is reduced to so§2 with the formation of AMP, Table 3, reaction 3, by

APS reductase in a reversible oxidation-reduction reaction.

Sulfite (or bisulfite)

is not directly reduced to ™2 by a single enzyme as in the biosynthetic pathway but
rather three separate reductive steps are involved.

In a complex reaction involving
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three molecules of sulfite, SOEZ is reduced to trithionate (53022) by a hemoprotein,
bisulfite reductase, of which there are three different types, desulfoviridin,
desulforubidin (12) and P582 (1), Table 3, reaction 4. Trithionate is next reduced
to thiosulfate with the concomitant formation of sulfite by trithionate reductase,
Table 3, reaction 5. The thiosulfate is then reductively cleaved to yield s~2 and

a second molecule of 5052, Table 3, reaction 6. The electron donors for these
reductions have not been definitively established but they appear to be low-molecular
weight electron transfer proteins. In both pathways, the result is identical in that
SOL° is reduced to s=?; however, the respiratory pathway requires one less ATP and
four discrete reductive steps rather than the two involved in the biosynthetic path-
way. These differences probably reflect the different physiological roles of the
pathways. ,

The respiratory pathways involved in the oxidation of reduced sulfur compounds
to SO%2 are less well defined than those in the reduction of sulfate. The key reac-
tion is the oxidation of a cofactor or enzyme~bound polysulfide (15) to sulfite in
an oxygen requiring oxidation, Table 4, reaction 1 (33). Elemental sulfur and

TABLE 4: The Reactions of Respiratory Sulfur Oxidation

1. Polysulfide oxidase

- - +
H20 + RS,SS™ + 02 + RSpS™! + 5032 + 2H (33)

2. Thiosulfate formation

S° + 5032 > 5,032 (33)

3. Thiosulfate reductase

2e + 5,032 + 5032 + 2872 (22)
4. Sulfite oxidase
5032 + 1/2 05 + $O32 (&)
5. APS reductase
_2
+ + >
AMP + SO3 2 cyto Cox T APS + 2 cyto ¢ 4 (22)
6. ADP sulfurylase
APS + P, > ADP + SO3 (22)

sulfide can form this "bound polysulfide” (R) and thus enter the reaction sequence;
however, little is known about the details of these interactions. Sulfite is a highly
reactive molecule and non-enzymatically combines with elemental sulfur to form thio-
sulfate, Table 4, reaction 2. Thiosulfate is returned to the main respiratory path-
way by reductive cleavage to sulfide and sulfite by thiosulfate reductase, Table 4,
reaction 3. The final step is the oxidation of S03% to SO%;2 and is accomplished by
two enzymatic pathways. The first is the simple oxidation of SO'3'2 to SO4“ by the
enzyme, sulfite oxidase, in certain of the Thiobacilli, Table 4, reaction 4. This
oxidase has been reported to be absent in the photosynthetic bacteria (36). The
second pathway, found in the ghotosynthetic bacteria and some of the Thiobacilli,
involves the oxidation of S03° in the presence of AMP to the level of sulfate as APS
by APS reductase, Table 4, reaction 5. The high energy sulfate can then be exchanged
for a phosphate group to yield ADP by the enzyme, ADP:sulfurylase to produce bio-
logically utilizable energy, Table 4, reaction 6. Thus, microorganisms utilizing

the APS pathway are able to obtain energy by means of a substrate phosphorylation in
addition to either oxidative phosphorylation or photophosphorylation. In all con-
siderations of the biological sulfur cycle, it must be borne in mind that the
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oxidation of reduced sulfur compounds yields energy and that the reduction of sul-
fate requires energy although the reduction of sulfate can be coupled with an oxi-
dative reaction which produces more energy than the reduction of SOE2 requires and
thereby produce energy for growth.

An important aspect of the biological sulfur cycle is the ability of certain of
these anaerocbic microorganisms to 1link and thereby modify their fermentative respira-
tory pathways by means of the intracellular transport or transfer of molecular hydro-
gen. This linking of fermentations allows these anaerobic bacteria to grow under
some unexpected and surprising conditions in an almost symbiotic relationship. There
are now several well documented examples of this biological phenomenon. Methano-
bacillus omelianskii has been demonstrated to be a mixed culture growing in this
type of relationship and forming acetate and CH, from CO; and ethanol (3). One of
the organisms, the S organism, oxidizes ethanol to acetate and H, but grows poorly.
The second organism, the H organism, reduces CO> to CHy with H, and appears to "pull®
the oxidation of ethanol to acetate by the oxidation of H» as growth is greater in
the mixture than in pure culture (26). Chloropseudomonas ethylica has been demon-
strated to be a mixed culture which photosynthetically oxidizes ethanol to acetate
(7). The culture consists of a sulfate-reducing bacterium which oxidizes ethanol to
acetate with the reduction of SOE2 to S~2 as shown in Eq. 1.

2CH3CH20H + SO32 + 2CH3COOH + S™2 + 2H,0 1)

and a green sulfur bacterium which photosynthetically oxidizes s~2 to sO3? as shown
in Eq. 2.

2 4 om0 Y4 5072 + 20H,0 2)

2C02 + S~
The possible involvement of intercellular H; transfer in this relationship has not
yet been resolved. A third example involves an obligatory relationship between a
sulfate-reducing bacterium and a methanogenic bacterium. Sulfate (or fumarate) is
obligatory for the growth of species of Desulfovibrio on lactate as shown in Eq. 3.

2 lactate + SOL2 + S™2 + 2 acetate + 200z + 2H,0 + 2H™! 3)

Recently, it has been demonstrated that the sulfate-reducing bacteria can oxidize
lactate to ethanol when grown in the presence of methanogenic bacteria and the elec-
trons (as Hz) utilized for the reduction of CO; to CHy rather than the reduction of
S032 to S72 (2). fThis relationship involving intercellular H; transfer is shown in
Egs. 4, 5 and 6.

Sulfate reducing bacterium

+
2CH3CH2 OHCOOH + 2H20 -+ 2CH3COOH + 2C02 + 4H2 + 2H 4)

Methanogenic bacterium

4H; + CO2 =+ CHy4 + 2H20 5)

+
2CH3CH2 OHCOOH -+ 2CH3COOH + CO2 + CHy + 2H 6)

In essence, CO2 is functioning as electron acceptor for the fermentation of lactate
(and probably other electron donors) and Hp is transferred between these two anaerobic
but physiologically different types of bacteria. The mechanism of this relationship
has been postulated to be the "pulling" of lactate oxidation by the utilization of Hz
for CHy formation. This concept is also supported by the observation that hydrogen-
ase is concentrated around the outside of the sulfate-reducing bacteria. Thus,
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methane formation is operating as an "electron sink" or terminal oxidase and could
conceivably be "pulling" the complex series of fermentative reactions occurring in
the cellulose breakdown.

The observations offer a new theoretical basis for the interpretation of a por-
tion of the microbiology and biochemistry in anaerobic sediments of fresh and marine
waters. Intercellular H; transfer appears to be a specific adaptation of anaerobic
bacteria which allows them to greatly extend their growth potential. Thus, the num-

ber of physioclogical types of microorganisms involved in the transformation of organic

materials may be far fewer than previously anticipated. The ideas also suggest that
a specific environment may have unexpected potential for microbial activities such as
sulfate reduction, hydrogen utilization or nitrate reduction. It has also recently
been established that anaerobic sediments are stable enough so that classical bio-
chemical and physiological experiments can be performed with sediments by treating
them as bacterial cultures (5). Investigations utilizing these two concepts should
lead to a much greater understanding of the reactions occurring in organic deposits
and indicate the ways in which these complex fermentations can be applied to specific

problems of economic concern.
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Fig. 1. A simple representation of the biological sulfur cycle.
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THE GENESIS AND STABILITY OF NITROGEN IN PEAT AND COAL
Roland D. Hauck

Tennessee Valley Authority, Muscle Shoals, Alabama

Coal consists of the fossilized remains of bog and swamp-shore
vegetation, which, following diagenesis, was preserved by water and
modified by heat and pressure. Geochemists generally accept as valid
the concept of a coalification series: vegetation-peat-brown coal-
lignite-bituminous coal-anthracite.

Coal commonly contains 1-2%7 N in fixed forms which are highly
resistant to biodegradation. The woody tissues of the originating
vegetation--predominately tree-ferns--probably averaged about 1% N,
which was of a biodegradable nature. Assuming them to be similar in
structure to present-day woody tissues, about 20% of tree-fern cells
contained proteinaceous material. Humic substances derived from woody
and more succulent tissues as a result of microbial activities and
oxidative polymerization reactions probably contained 2-5% N, although
the average N content of the peat resulting from plant tissue deposition
and decay remained at about 1%Z. The N content of bituminous coal generally
is slightly higher than that of peat and lignite--about 1.5 to 1,75%--but
decreases to less than 1% in anthracite.

The C/N ratio typically increases from about 50/1 in wood to
65/1 in peat and lignite. However, the C/N ratio decreases in low-rank
bituminous coals, then increases with increase in rank (55/1 in high-
rank bituminous coals to 100/1 or greater in anthracite). It is evident
that N was gained relative to C (or C was lost) during the latter stages
of diagenesis.

The accretion of N by peat may continue after its formation
and subsequent submergence in waters through deposition of microbial
(microflora and microfauna) protein. The total amino acid content of
peat is considerably higher than in the original plant material; at
least 5-10% of peat organic matter is considered to be derived from
microbial tissue (1). For example, the weight of bacterial tissue per
acre foot of peat might range between 35-700 pounds at any given time,
corresponding to about 5-115 pounds of N. This range is calculated by
assuming 35-700 million bacteria per gram of moist peat (2, 3), a volume
of 1 cubic micron per organism, and a cell density of 1.04. Soil bacteria
usually outnumber actinomycetes by 10:1, and fungi by 100:1, but the weight
of bacteria is about equal to and half that of the actinomycetes and fungi,
respectively. As can be seen, the total living and newly deceased biomass
in peat could be substantial. Obviously, N accretion through deposition
of microbial tissue implies the presence of sufficient fixed N to sustain
microbial growth. Such N could be obtained from in situ biological
fixation of atmospheric N> or from the transport of fixed N in sediments
and aquatic life to peat beds.
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Determining how and in what forms the N was preserved may be
more instructive in understanding the genesis of N in coal than speculating
on the primary sources of N in a coalification series. The time, manner,
and circumstances of nitrogen accretion during or shortly after diagenesis
is of lesser importance if one accepts the concept of a coalification
series progressing from peat to anthracite rather than the concept
advanced by Fuchs (4), which holds that lignites are formed under aerobic
conditions and bituminous and anthracite coals are formed under anaerobiosis.

IS~ .

More importantly, a question central to understanding the presence of ;
fixed N in coal is how nitrogenous products of microbial activity
acquire stability against further microbial and chemical decomposition /

over geological times.

Humus, as used here, refers to the debris of higher plants,
microflora, and microfauna in various stages of biochemical and chemical
alteration., Early work on soil humus formation was much influenced by
chemical studies of humus in peats and coals. Granting that the factors 7
influencing humus formation in soils, marshes, peat bogs, etc., may be ‘
very different, one nevertheless may be justified in seeking common
mechanisms for humus formation under widely different conditions because
of the known gross similarities of certain humic substances (alkali- /
extractable, acid-precipitable substances) in soils and in lake and
marine sediments.

SOIL HUMUS FORMATION X
/

Recent N tracer ('°N) studies support the postulate of Jansson

(5) that there exists in soil a large pool of relatively passive organic

N, all or part of which is in equilibrium with a much smaller pool of

labile organic N. Usually, when N is added to soil, some becomes immobilized
through microbial activity, entering first a pool of labile organic

matter, then being redistributed among progressively more refractory,
bioresistant substances in the passive pool (6-10). Current knowledge

of the organic forms of N in these pools is based largely on the chemical
analysis of organic N compounds released by hydrolysis of soils with hot
acids [for reviews, see Bremner (11, 12)]. Such hydrolysis studies

indicate that the labile organic N pool consists largely of bound amino
acids and amino sugars (mainly glucosamine and galactosamine), existing
perhaps as mucopeptides (amino acid--amino sugar complexes), techoic

acids (ester-linked alanine-organophosphate polymers), and chitinous
substances. Amino acids and hexosamines normally comprise 20-50% and 5-10%,
respectively, of the total organic N of soils. Purines, pyrimidines,
ethanolamine, and other N compounds also have been identified in soils,

but the chemical nature of about half of soil organic N is not well
understood. It is this unidentified, relatively stable fraction that is

of geochemical interest.

In soils, peat bogs, and like environments, labile forms of N
are assimilated by microorganisms. The microorganisms die and decay,
the tissues of one generation being food for succeeding ones. With each
cycle of generation and decay, waste products of metabolism are released
to the microenvironment. Ammonium N and amino acids can be considered
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such wastes. As long as these waste products re-enter vital processes,

and then recycle as part of new living tissue, there is no mechanism for
acquiring stability. However, the recycling processes may be interrupted
by chemically binding labile nitrogenous substances to other intracellular
or extracellular constituents to form biochemically resistant and chemically
inert materials, or by decreasing their physical accessibility to enzymatic
and nonenzymatic attack.

The "physical inaccessibility'" concept is supported by the
finding that destruction of physically stable microaggregates in soil
consisting of clay mineral-organic matter complexes renders the organic
matter more susceptible to chemical and microbial attack (13). Also,
the entrapment of ammonia within clay lattices is another protective
mechanism for soil N. Clay-protected N could survive the coalification
processes and appear in coal as part of clay mineral contaminants in low-
rank coals.

Much work has been reported in support of the view that stable
N complexes in soil are produced by reactions of lignin- and cellulose-
derived phenols or quinones with amino acids [e.g., see (11-20)] and the
reactions of oxidized lignins with ammonia (21). The dark-colored
substances produced by such reactions have chemical properties similar
to the humic substances found in soils, peats, and sediments. A detailed
analysis of the extensive work on the role of lignin in humification
processes is beyond the scope of this paper.

Chemical fractions of humic substances (e.g., humic, fulvic,
and hymatomelonic acids) are probably not simple chemical entities, but
more likely are mixtures of components of heterogeneous structure. They
are noncrystalline, which suggests that they are not formed through
enzymatic activity. Although the dark humic substances exhibit the
properties of oxidized lignins, it is reasonable to assume that lignins
must be drastically altered before entering oxidative polymerization or
polycondensation reactions with ammonia and amino acids (22, 23).
Natural and unaltered lignins are too chemically inert to form complex,
biologically stable polymers with amino acids. Also, formation of such
polymers extracellularly in soil from lignin residues may not be extensive
because only small amounts of lignin degradation products are found in
soils and peats. For example, alkaline-nitrobenzene oxidation of soil
organic matter yielded syringyl, guaiacyl, and p-hydroxyphenyl residues
amounting to less than 1% of the total soil C; for peat, the yield was 1
to 4% (24).

The proximity of reactants to each other, their concentrations,
the reaction site microenvironment, and the time that each reactant is
released to the microenvironment are factors which may determine the
extent of formation of dark humic substances and their nature. These
factors themselves are influenced by the type of vegetation undergoing
diagenesis (e.g., woody tissues are characterized by relatively high
protein and lignin contents as compared to sphagnum moss). As plant
tissue decays, loosely bound proteins and carbohydrates are attacked
first, followed by peptides and methylated polysaccharides. Lignins are
relatively resistant to biodegradation. It appears, therefore, that
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ammonia and amino acids would be released from plant residues to the
soll at a particular microsite, and then transformed or assimilated
before lignin- or cellulose-derived phenols and quinones are produced at
the microsite. Even though amino acids may persist unmodified in soils
for many years, there is evidence that a considerable portion of soil
amino acids is not bound to lignin (11) and may form stable complexes
with transition series metals (25).

The intact cell is a potential reaction chamber in which
chemically active substances may be intimately associated at high
concentrations in a microenvironment favorable for reaction. Recently,
considerable attention has been given to the possibility that humic
substances are formed by autolysis of microorganisms (23). The presumption
that stable organic N polymers can be formed intracellularly is supported
by evidence that dark humic substances are formed by chemical reactions
of biochemically produced reactants, that the sequence of reactant
production in soil may not be conducive to extensive extracellular
formation of humic substances, and that the dark humic substances formed
in different media and at different geological times are similar.

POSSIBLE INTRACELLULAR FORMATION OF HUMIC SUBSTANCES

Living cells contain the enzymes needed for degrading their
autogenous substances (e.g., proteins, peptides, and cellulose) and for
the further reaction of the degradation products (e.g., the oxidation of
phenols to quinones and polyphenols by phenolases). However, ligninase
has not been isolated from higher plant or microbial tissue, notwithstanding
the specific evidence of ligninase activity in fungal cells. In woody
cells, lignin is deposited in the interstices between the micellar
strands and microfibrils of cellulose and other microcrystalline components
of the cell wall. After the cell or tissue dies, removal of the lignin
leaves the cell wall morphologically intact. Within the protection of a
relatively bioresistant cell wall, high concentrations of monomeric
substances can accumulate as autolysis proceeds.

Quinones can condense with a-amino acids through the amino
group, leaving the acidic carboxyl groups free. Cross-linking with
adjacent quinones could occur through diamino-amino acids (e.g., lysine)
or thiol-containing amino acids (e.g., cysteine). Polycondensation
would result from intermolecular interactions between compounds possessing
at least two functional groups capable of esterification. The order and
pattern of polycondensation would be irregular, resulting in a 3-dimensional
amorphous substance (a heteropolycondensate co-polymer with side chains)
composed of many phenolic-quinolic-amino acid units. It has been postulated
that such polymeric substances, by virtue of their isolated resonance
groups, would absorb light of all wavelengths and appear dark in color,
be soluble in alkalis because of their free carboxyls, be slightly
soluble in organic solvents because of their predominantly condensed
aromatic nature, and be precipitated from alkaline solution by acids and
heavy metals (26). Such co-polymers would be resistant to chemical and
microbial attack because of their high molecular weight, their cross-
linked, covalent bonding, and their heterogeneous, predominately nonlinear
structure of nonrepeating units.
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The humic substances formed within the cell would be released
by extracellular microbial and chemical attack on the cell wall. Since
their overall mode of formation is similar, dark humic substances found
in different environments (e.g., soils, peats, and sediments) would be
expected to have similar gross properties. In time, and depending on
environmental factors, the linear side chains of the large, irregularly
spherical co-polymer would be degraded, leaving a substance that would
require the fortuitous, unlikely association of several enzymes to
effect its further degradation.

NITROGEN FORMS IN COAL

Little is known with certainty about the N forms in coal and
it appears premature to speculate about the metamorphic conversion of
humic substances whose structures are only grossly identified. There 1s
evidence that N occurs largely as heterocyclic structures (27, 28), such
as nicotinic acid (29). A presumptive analysis of coal extracts after
physical and chemical treatment yielded the following hypothetical

" distribution of nitrogen structures: Water phase--purine bases and

structures with urea, amino acid, and peptide units (35%), carbazole

structures yielding ammonia (10%), low-molecular weight cyclic bases and

phenylamines (3Z); Chloroform phase--hydrophilic bases, nonbasic N

compounds, and fatty amines (23%); Residual coal--high-molecular weight

? c;mpounds (3%). Upon pryolysis, 26% of the N compounds yielded N>
30).

Among the amino acids found in peat were glycine, aspartic and
glutamic acids, alanine, leucine, threonine, and valine (31). Monoamino
and diamino acids have been identified in peat, lignite, and subbituminous
coal, but no diamino acids have been found in bituminous and anthracite
coals (28). Glycine and aspartic and glutamic acids were found in
hydrolysates of anthracite estimated to be over 200 million years old
(32).

Free porphyrins have been identified in polar solvent (e.g.,
ether or pyridine) extracts of bituminous coal (33). Metal-porphyrin
complexes may be present in concentrations as high as 7000 ppm, about
100 times those of free porphyrins. WNickel and vanadium complexes are
especially stable. Porphoryns in coal originate in the chlorophyll and
respiratory pigments of green plant tissue and have been preserved in
water-logged peat because of their greater stability in anaerobic biological
environments. Their presence lends support to the hypothesis that pressure
and moderate heat are the agents of peat metamorphosis because porphyrin
stability increases with pressure and decreases with heat. Also, studies
of porphyrins in bitumins give support to the hypothesis that petroleum is
formed in brackish environments from asphaltic constituents resulting from
the alteration of marine and terrestrial plant and animal organic matter (34).
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TRACER STUDIES

Use of the N tracer, '°N, has contributed greatly to an
understanding of the turnover of N in biological mineralijzation-
immobilization reactions, processes which proceed simultaneously and in
opposite directions [for an extensive bibliography, see Hauck and Bystrom,
(35)]. However, N tracer techniques have not been used effectively to
clarify the chemical nature of humic materials, largely because experiments
have not been devised to make maximum use of *°N for this purpose. It
would be instructive to follow the detailed, sequential decay of higher
plant and microbial tissue labeled with '3C and '°N, and to attempt to
isolate labeled polycondensation products from cell populations in
various stages of autolysis. Comparisons should be made of the distribution
of tracers in different humic fractions, as affected by the precursor
tissue. For example, woody tissue may produce more highly aromatic,
humic substances, such as those found in coals, while the corresponding
humic fraction from proteinaceous tissue may be more aliphatic in character.
However, such comparisons might be valid only if care is taken to separate
extracellular from intracellular formation of humic substances, should
such a distinction exist.

Carbon isotope studies show no correlation between isotopic
composition, degree of coalification, and geological age of coals (36).
From this one may infer that the C in coal was derived largely from land
plants which absorbed carbon dioxide of uniform C isotopic composition
and that no measurable C isotope fractionation occurred during diagenesis.

Slight but significant variations have been observed in the N
isotopic composition of different peats and coals (37-39). The N in
coal tends to have a slightly higher '®N concentration than vegetation
in the vicinity of the coal seam (38), but definite conclusions are not
justified from the limited data available. In another study (39) C
isotope analyses indicate that some Dutch natural gas deposits originated
from recoalification of coal seams 3000 and 5000 meters below sea level.
Nitrogen in gases obtained from these deposits was enriched in SN, while
ammonia obtained from the coal (coke-oven gas) was depleted in SN
(relative to atmospheric N), leading to the speculation that the N in
natural gases was not derived from the coal. Measurements of N isotope
ratios in natural gases have also been used to explain the parallel
increase in He and N in gases with increase in age of reservoir rock
(40) and to elucidate the origin of N in gases associated with crude
oils and sedimentary materials (41).

The limited number and scope of the studies referred to above
make it difficult to assess whether further studies of this kind will
prove useful in clarifying the genesis of coal, kerogen, petroleum, and
natural gases. Obviously, if the N isotope ratio of N occluded in
methane, for example, is similar to but slightly lower than that of a
nearby deposit of organic material, then one has reason to assume that
the methane was derived from that deposit. Also, a slightly lower N
isotope ratie for N in methane suggests the occurrence of isotope
fractionation as C-N bonds are ruptured during gas formation.
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There is a time gap of about 200 million years separating
current studies of humification processes and the events which converted
vegetation to coal. Because the isotope ratio reflects the cumulative
effects of nitrogen cycle processes, in~depth studies of the N isotopic
composition of peats, coals, and their associated materials may prove
helpful in separating events that occurred during different geological
times.
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Harold J. Gluskoter

Illinois State Geological Survey
Urbana, Illinois 61801

INTRODUCTION

Sulfur is a necessary element for the sustenance of all living systems.
It is therefore not at all surprising that sulfur is found in abundance in coal, a
rock composed primarily of organic detritus.

The forms of sulfur in coal as reported by chemical analyses (ASTM 197L)
are: organic sulfur, pyritic or sulfide sulfur, and sulfate sulfur. The last two
are inorganically combined within the coal and will be discussed here. Other ana-
lytical techniques have been used to identify native or elemental sulfur in coals
(Yurovski, 1940; Berteloot, 1947) and also in modern peats (Casagrande, in Spackman
et al., 1974, p. 63, 219). The amounts of elemental sulfur that have been reported
are small and would not be significant in coal utilization.

Sulfate sulfur is also generally of only minor importance in fresh coal
samples and except in rare instances occurs in significant amounts only as the coals
oxidize (weather). Organic and pyritic sulfur comprise essentially all of the sul-
fur found in most coals. Yancey and Geer (1968) list analyses of these two forms
of sulfur in various coals of the world and these range from a low of 0.4l percent
to a high of 9.0l percent total sulfur. Only rarely would one expect to find coals
in which the percentage of sulfur would not be included in that range. The organic
sulfur content of the coals listed by Yancey and Geer ranged from 11,k percent to
97.1 percent of the total sulfur. Gluskoter and Simon (1968) reported a mean value
of 1.56 for the ratio of pyritic to organic sulfur in 473 face-channel samples of
Illinois coals.

SULFUR BEARING MINERALS IN COAL

Iron Sulfides—Pyrite is the dominant sulfide mineral found in coals.
Marcasite has also been found in many coals and may be the dominant form in some
coals of lower rank (Kemelys and Taylor, 1964). Pyrite and marcasite are dimorphs,
minerals that are identical in chemical composition but differ in crystalline form.
Pyrite is cubic and marcasite is orthorhombic, The two minerals cannot generally
be differentiated in coals except by determining their crystalline structures,
usually by X-ray diffraction methods. The term "pyrite" is often used to refer to
the undifferentiated iron disulfide minerals in coals.

Rather extreme variations in morphology, size, and mode of occurrence
characterize the iron sulfide minerals in coals. These variations arise because of
the different geochemical environments in which the minerals were formed and the
time of their genesis. Some sulfides were formed contemporaneously with the coal
in a peat swamp and are therefore syngenetic, The syngenetic pyrite includes sub-
micrometer-sized particles and also some nodules with diameters eas large as a meter.
These syngenetic sulfides are the response to the geochemical environment during or
immediately following the peat formation, which was approximately 300 million years
ago for the coals of carboniferous age. Other of the sulfides are epigenetic; they
formed within the coal seam subsequent to the first stages of coalification. The
most common form of epigenetic iron sulfide in coal is pyrite deposited along ver-
tical fractures {(cleat). I am not aware of any report of marcasite as an epigenetic
mineral in bituminous coals of North America, but a mixed marcasite-pyrite cleat
filling in a subbituminous coal from Wyoming is shown in Plate 1, Other epigenetic
and syngenetic sulfides are shown in scarning electron photomicrographs in Plate 1.
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Other Sulfide Minerals—A number of sulfide minerals other than iron sul~
fides have been reported in coals, including galena (PbS), chalcopyrite (CuFeS;),
arsenopyrite (FeAsS), and sphalerite (ZnS). These generally occur only in small
amounts. However, coals from northwestern Illinois that contain as much as 5350 ppm
zinc and up to 1 percent sphalerite have recently been described by Ruch et al,

(197L4) and Miller (1974). The sphalerite occurs as a cleat filling up to 10 mm in
width (Plate 2).

Sulfate Minerals—Gypsum (CaSO,+2HO) and barite (BaSO,) have both been
identified as cleat-filling minerals or in nodules ‘in unweathered coals (Plate 2).
However, their occurrences are rare and sulfate minerals do not generally comprise
a significant portion of the total sulfur in coal.

Because pyrite and marcasite oxidize rapidly when exposed to moist air, a
number of different phases of ferrous and ferric sulfates may form. The following
have been identified as oxidation products of iron sulfides in Illinois coals (Glus-—
koter and Simon, 1968): Szomolnokite :(FeSO4*H,0), rozenite (FeSOy+4H,0), melanterite
(FeS04,°TH20), coquimbite (Fe,{S0,)3°9H;0), Toemerite (FeSO,*Fes(S0,)3+12H50), and
natrojarosite ((NayK)Fe3(S0,),(0H)g). Although these are not present in fresh coaels
they can become abundant in weathered, oxidized coal samples. The amount of sulfate
sulfur reported in the chemical analyses of many coals is a function of the length
of time since the fresh sample was collected and of the manner .in which it was sorted.
Several iron sulfates are shown in Plate 2,
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ILLUSTRATIONS

Pyrite in Coals: Sceanning Electron Photomicrographs

A,

F.

Framboids in low-temperature ash of a sample from the DeKoven
Coal Member (bituminous), southern Illinocis

Octahedra in low-temperature ash of a sample from the DeKoven
Coal Member (bituminous), southern Illinois

Epigenetic cleat filling in a sample of the Opdyke Coal Member
(bituminous), southern Illinois

Cast of plant cells from the low-temperature ash of a sample
from the Colchester (No. 2) Coal Member (bituminous), northern
Illinois ’

Epigenetic pyrite along inclined shear surface in a sample of lig-
lignite, North Dakota

Epigenetic cleat filling in a sample from the Colchester

(No. 2) Coal Member (bituminous), northern Illinois

Sulfide and Sulfate Minerals in Coals: Scanning Electron Photomicrographs

A.

Marcasite, epigenetic, along cleat in a sample from a sub-
bituminous coal, Wyoming

Sphalerite (ZnS), along cleat in a sample from the Herrin (No. 6)
Coal Member (bituminous), northwestern Illinois

Barite (BaSOy) with marcasite and pyrite in a sample from a sub-
bituminous coal, Wyoming
E, and F. Iron sulfates which formed on bituminous coal samples
subsequent to their having been collected from fresh. exposures.
X-ray diffraction analyses of these samples identified melanterite
(FeS0,+TH0) and coquimbite (Fe,(S0,)3+9H,0).
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Plate 1. Pyrite in Coals
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Plate 2.

Sulfide and Sulfate Minerals in Coals
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Determination of Forms of Sulfur in Coal
N. F. Shimp, R. J. Helfinstine, and J. K. Kuhn

Illinois State Geological Survey, Urbana, IL 61801

INTRODUCTION

The need for low~sulfur coal has assumed major proportions. Shortages of
other fossil fuels, restrictions on sulfur oxide emissions, and technical problems
associated with the use of high-sulfur coals in newly proposed coal conversion
processes are contributing to the crisis. It is now apparent not only to coal
specialists but also to others that the emission standards and technical problems
associated with high sulfur content of bituminous coals are contributing greatly to
the severity of the fuel shortages in the United States. Consequently, it is
appropriate to discuss o0ld and new methods of evaluating the sulfur status of coal
and to reexamine some of the problems associated with their application.

Free sulfur as such does not occur in coal to any significant extent. Sulfur
is present in coal in organically bound combinations, in inorganic compounds
mainly as pyrite (FeSy), and especially in weathered coals as gypsum (CaSOy+2H;0)
and as ferrous sulfate (FeSO,*THp0). In a few coals, significent emounts of other
inorganic sulfates and sulfides, e.g. barite (BaSO,) and sphalerite (2ZnS), (1,2)
which normally occur only in trace concentrations, may be present.

The three forms of sulfur commonly measured in coal are sulfate, pyritic, and
organic. Although less frequently determined than total sulfur, they are, perhaps,
the most significant in terms of coal utilization., Of the two predominant sulfur
forms, pyritic and organic, the former can be partially removed by conventional
gravity coal cleaning procedures prior to combustion, but the latter cannot. The
amount of pyritic sulfur in Illinois coals and the percentages of it that can be
removed with reasonable coal recovery (80%) were recently reported by Helfinstine
et al. (3,4). For 64 coals, they found that the total sulfur removed as pyrite in
laboratory washing studies varied from sbout 10 to 65%. The pyritic sulfur that
was removed with 80% coal recovery varied from sbout 10 to 90% and averaged about

60%.

Although significant amounts of pyritic sulfur can usually be removed by
physical means, very finely divided or framboidal pyrite is not amenable to reduction
by such treatment. For complete removal of pyritic sulfur, a combination of physical
and chemical extraction methods is usually required. Methods of this type are
currently being developed, but these have not been employed on an industrial scale

(5).

Similar methods for the reduction of organic sulfur, without destruction of the
coal molecule itself, have not been developed. Even if 100% of the pyritic sulfur
were removed from all the Illinois coals produced, only about 15% would meet current
environmental standards without supplementary controls (3,4).

Because the degree to which sulfur can be reduced in coal is primarily a
function of the forms of sulfur contained in the coal, analytical methods for their
accurate determination are essential.:

ASTM FORMS OF SULFUR INVESTIGATION
Committee D-5 on Coal and Coke,'of the American Society for Testing and

Materials (ASTM), began a study of methods for the determination of forms of sulfur
in coal in 1957. This study eventually led to the current Standard Method D-2492,



100

Forms of Sulfur in Coal {6). In this procedure, total sulfur and only two of its
three forms - sulfate and pyritic - are determined. The third form, organic sulfur,
is calculated by difference:

Organic S = Total S-(sulfate S + pyritic S).

For this method, it is not only essential to obtain accurate values for sulfate
and pyritic sulfur forms, it is also necessary to obtain accurate total sulfur values,
Any errors made in total, pyritic, or sulfate sulfur determinations will be cumulative
in the organic sulfur calculation. Unfortunately, there are no published methods for
the direct determination of organic sulfur that will permit the sum of independently
determined values for the three forms of sulfur to be checked against an independently
determined total sulfur value. This has led to a number of problems, which will be
discussed in more detail later.

A flow sheet for ASTM Standard Method D-2492, Forms of Sulfur in Coal, is given
in Figure 1. The method is based on the different solubilities of sulfate and pyritic
sulfur in HC1l and HNO3. Sulfate sulfur is soluble in dilute HC1l, both sulfate and
pyritic forms of sulfur are soluble in HNO3, and organic sulfur is insoluble in the
acids. Pyritic sulfur is generally determined by extracting the coal residue from
the sulfate sulfur determination (Figure 1), although it may also be determined on a
separate coal sample if corrections for the sulfate sulfur or iron are made. Pyrite
is oxidized by HNOj3 to ferric iron and sulfate, but it is the ferric iron associated
with the pyrite that is usually determined rather than the sulfur (Figure 1),

The HNOj3 extraction may oxidize small amounts of organic matter that contains sul-
fur. This would be erroneously determined as part of the pyritic sulfur, Organic
sulfur is calculated by difference as previously described.

During the ASTM round-robin testing of this method, large amounts of data were
generated and subsequently compiled by Krumin (7,8,9,10) for Committee D-5. The re-
sults and conclusions of this study are unavailable in published form, but a brief
summary of its nature and the conclusions drawn are as follows*.

1) Five coal samples containing from 1.6 to 24% sulfur, each ground to pass a
~-60 mesh and -200 mesh-sieve, and analyzed by five different laboratories gave
essentially the same results for forms of sulfur. Thus, the use of ~60 mesh coal was
recommended,

2) Further studies using methods originally developed by Powell and Parr (11)
and Powell (12) were conducted by 24 laboratories, each analyzing two coals in
triplicate and using the coal extraction and method variations given in Table I. In
all cases, organic sulfur was determined by differences. Results of this study are
summarized in Table I, Table II presents the results of the t-test of means, and
Table III presents results of the F-test of variances as performed on the data
determined by the various methods for sulfate and pyritic sulfur in coal samples
designated S-1 and S-2, Conclusions were drawn by Krumin (10) and presented at the
meeting of ASTM Committee D-5, January 30, 1961:

Total Sulfur-Eschka Method (ASTM p-3177). Deviations in the data reported by
the various laboratories were within, or exceeded by only a small amount (3.0l to
0.05%), ASTM limits for maximum deviations of results.

Sulfate Sulfur (ASTM D-2492). The results determined by. the two methods Sulfate
Sulfur, Short Extraction and Sulfate Sulfur, Long Extraction are in close agreement,
and are characterized by almost identical values for the standard deviation, repeat-
ability and reproducibility. The great advantages of the 30-minute extraction
procedure over the LO-hour technique make the method Sulfate Sulfur, Short Extraction
the more suitable method for use in the routine analysis of coal.

* Permission to summarize this work was granted by the Executive Committee of ASTM
Committee D-5 on Coal and Coke.
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\ TABLE I. STATISTICAIL EVALUATION*
Meant  Standard Repeat- Reproduc-
k Experimental procedure Sample data deviation ability ibility
(%)
\ Total Sulfur s-1 2.93  0.0945 0.0610 0.251Y4
\‘ S-2 2.94 0.0846 0.0928 0.21k2
) Sulfate Sulfur, S-1 0.08 0.,0131 0.0196 0.0311
b HC1l Short Extraction 52 0.16 0.,012h 0.021k 0.0322
D (30 min,)
. Sulfate Sulfur S-1 0.08 0.0115 0.0196 0.0339
i . HC1l Long Extraction s-2 0.15 0.012h 0.0191 0.0316
\ (4o nrs., 60° ¢)
\ Pyritic Sulfur, Short S-1 1.75  0.1799 0.1412 0.kh12
. HNO3 Extraction (reflux, S-2 1.62 0.1637 0.1k4555 0.4%069
k 30 min.}, Gravimetric
Determination
Pyritic Sulfur, Long S5-1 1.7k 0.1952 0.1614 0.5085
HNO3 Extraction {24 hrs.,, S-2 1.59 0.1228 0.1460 0.3359
room temp.), Gravimetric
, Determination
; Pyritic Sulfur, Short S-1 1.7h 0.1553 0.,1198 0.4119
‘ HNO3 Extraction (reflux, $-2 1.58  0.0943 0.1213 0.2516

30 min,), Titrimetric
Determination of Iron

Pyritic Sulfur, Long S-1 1.85 0,1027 0.0922 0.2815
HNO3 Extraction (24 hrs., S-2 1.59 0.097k 0.0998 0.2553
room temp.)}, Titrimetric
Determination of TIron :

¥After a thesis by E, Fasig, Jr., Engineering and Experiment Station, Ohio State

University, Columbus, OH.
tMoisture-free.

e T
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TABLE II. RESULTS OF THE T-TEST OF MEANS*

Method of Degrees of Calculated Critical value

determination Sample freedom value of t or range of

Sulfate Sulfur, Long vs. Short S-1 102 0.790 2.000 to 1.980
Extractions 5-2 10Q L b5 2.000 to 1.980

Pyritic Sulfur, Short Extraction, S-1 70 0.106 2.000 to 1.980
Gravimetric vs. Titrimetriec S-2 T0 1,505 2.000 to 1,980
Determinations

Pyritic Sulfur, Long Extraction, S-1 76 ° 3.371 2,000 to 1.980
Gravimetric vs. Titrimetric 8-2 T2 0,007 2.000 to 1.980
Determinations

Pyritic Sulfur, Short vs. Long S-1 86 0.126 2,000 to 1.980
Extractions, Gravimetric 5-2 83 0.953 2,000 to 1.980
Determination

Pyritic Sulfur, Short vs. Long S-1 60 3.768 2.000
Extractions, Titrimetric S-2 59 0.552 2.008 to 2.000

Determination
*After a thesis by E. Fasig, Jr., Engineering Experiment Station, Ohio State
University, Columbus, QH.
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TABLE ITI, RESULTS OF THE F-TEST OF VARIANCES* - i

Method of Degrees of Freedom Calculated Critical
determination Sample numerator denominator value of F range, F
Sulfate Sulfur, Long vs. S-1 1 102 1.73 4,00 to
Short Extractions 3.92
s-2 1 100 26.97 4,00 to ’
3.92 J
Pyritic Sulfur, Long and 5-1 3 146 6.87 2.68 to
Short Extractions 2.60 4
Gravimetric and §-2 3 142 2.96 2.68 to
Titrimetric Determina- 2.60 :
tions

*After a thesis by E. Fasig, Jr., Engineering Experiment Station, Ohio State
University, Columbus, CH. '

Pyritic Sulfur (ASTM D-2492). Data determined by four methods (Table 1), were,
for all cases except one, in close agreement with each other and were characterized
by values of standard deviation, repeatability, and reproducibility, all of which
were very similar, The precision of the titrimetric technique was better than that ‘
of the gravimetric procedure as shown by the values of standard deviation and
reproducibility shown in Table I. Since the precision and results of the various
methods are so similar, the advantages of the short, 30-minute extraction procedure
over the long, 40-hour technique, and the greater ease and speed of the titrimetric
determination in comparison with the gravimetric procedure make the method Pyritic
Sulfur, Short Extraction, Titrimetric Determination the most suitable for use in the (
routine analysis of coal.

TOTAL SULFUR

The need for accurate methods of determining total sulfur in coal was pre- !
viously noted. The Eschka and bomb washing procedures are the two most commonly :
used methods in the United States, both of which are given in ASTM D-3177 (6).

The Eschka procedure consists of thoroughly mixing coal with Eschka mixture
(2 parts calcined MgO and 1 part anhydrous Na2C03) and ashing it in a muffle furnace
at 800° C. The ashed coal is leached with hot water, filtered, and the sulfur is
determined gravimetrically in the filtrate. This method is rapid when carried out
on large batches of samples; it is most accurate when used for coals containing no
more than 6 or 7% sulfur.

The bomb washing procedure is convenient for laboratories that make frequent
coal calorimetric determinations as described in ASTM D-2015 (6). After cooling and
careful venting, the bomb used for a calorific determination is thoroughly washed with
water, and the sulfur is then gravimetrically determined in the bomb washings. This
method gives excellent results when used for the analysis of coals containing no
more than 4% sulfur.

A third method in common use, but which was dropped as an ASTM standard in 197k,
is the peroxide bomb method (13). In this method, coal is fused with Nay0, in a
special bomb. Following dissolution of the melt, sulfur is usually determined
gravimetrically. This procedure is especially useful for the determination of high
sulfur concentrations up to 30 or 40%. The difficulties and precautions reguired
for the correct use of these three methods have been described by Selvig and
Fieldner (14) and Rees (15).

There are at least three other less frequently used procedures: The high-
temperature combustion method (16), which has been approved by ASTM Committee D-5
and will probably be published in 1975; the Leco or induction furnace method, which
was tested by ASTM Committee D-5 with unsatisfactory results (17); and X-ray fluores-
cence methods.
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The high-temperature combustion procedure is most useful for the rapid (30 min,
per sample) determination of total sulfur in a small batch of less than 8 or 10
samples. Under these conditions, it is much more rapid than the Eschka method;
however, when samples are analyzed in larger groups (20 to 30 samples), the Eschka
procedure is preferred over the high-temperature combustion method.

The high-temperature combustion method for determining total sulfur in coal is
based on the procedure of Mott and Wilkinson (18) in which a weighed coal sample is
burned in a tube furnace in a stream of oxygen at a temperature of 1350° C. The sul-.
fur oxides and chlorine formed are absorbed in Hy0, solution yielding HC1l and H,80,.
The total acid content is determined by titration with NaOH, and the amount of NaCl
resulting from the titration of the HCl is converted to NaOH with a solution of mer-
curic oxycyanide (Hg(OH)CN). This NaOH is determined titrimetrically and used to
correct the sulfur value, which is equivalent to the amount of H,50, formed during
combustion of the coal., The reactions teking place are as follows:

SOZ + H202 > stok
Cly + H30, > 2HC1 + Oy
NaCl + Hg(OH)CN > HgC1CN + NaOH
The method is accurate for both low and high sulfur concentrations.

Finally, X-ray fluorescence has been used for determining total sulfur in coal
(19,20,21). Ruch et al, (1) have recently described a method of preparing pressed
coal samples, which may be used for the determinstion of & variety of major, minor,
and trace elements, including sulfur, in whole coal. Their sulfur values for more
than 100 coals showed good agreement with those determined by the ASTM standard
Eschka procedure (Ruch, p. 15). The economy and speed of such X-ray fluorescence
methods, when used for multiple determinations (e.g. Al, Si, Ca, Mg, Fe, K, Ti, P,
and S) in the same prepared coal sample, are probably unsurpassed by any other
method. The relative standard deviation for sulfur, as determined by the X-ray
fluorescence method of Ruch et al. (1) is 0.5%.

INSTRUMENTAL METHODS FOR DETERMINING PYRITIC SULFUR

The HNO3 extraction of pyrite (FeS;) from coal yields a solution ideal for the
atomic absorption determination of iron as a measure of pyritic sulfur. Current
studies of this method by ASTM Committee D-5, the U, S. Bureau of Mines, Pittsburgh,
PA, and the TVA Central Chemical Laboratories, Chattanooga, TN, show good agreement
between pyritic iron values determined using an atomic absorption procedure with those
determined by the titrimetric methods described for pyritic iron in ASTM D-2492 (6).
The method is simple and rapid, and it may soon replace currently specified ASTM
standards. Care must be taken to avoid interferences from variable amounts of
H,80y formed when pyrite is oxidized during extraction of the coal with HNO3. Com-
pensation for this matrix change can be made by adjustment of the sample size and
addition of H,5804 to standards, by addition of a flame buffer such as LaCljz to
samples and standards, or both.

The determination of crystalline pyrite in coal by an X-ray diffraction method
has been described by Schehl and Friedel (22). Finely ground coal samples of known
pyrite concentration were used as standards in a technique that tekes advantage of
digital computers for measurement of the diffraction patterns, as well as for the
calculation of the percentage of pyrite present in the coal sample. Background cor-
rections due to carbon are made and quantitative results achieved by comparing the
integrated intensity of a given pyrite reflection with the integrated intensity of a
particular reflection from an internal standard (nickel). Acceptable precision within
current ASTM tolerances was obtained for the coals studied, but interferences from
reflections due to high concentrations of kasolin in coal were noted.
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CHEMI CAL REDUCTION METHOD FOk DETERMINING PYRITIC SULFUR

Methods involving reduction of pyrite to HyS have also been employed for the
determination of forms of sulfur (23,24,25)., A reduction method (2L) was recently
studied by Kuhn et al. (26). This method uses lithium aluminum hydride to reduce
pyritic sulfur to HS, which is then reacted with CdSOy. The H»80y formed from the
reaction

HoS + €dS0, ——> H,S0y + Cas (ppt)
is titrated with standard base. Both sulfate and organic sulfur were determined by
ASTM D-2492 procedures (6).

Major advantages of this method are that pyritic sulfur can be directly determined

without danger of oxidation of the sulfur containing organic constituents, and that

it can be determined without prior removal of sulfate sulfur. Further, it is extremely ,

useful as an independent check on the accuracy of values for the forms of sulfur
determined by the ASTM oxidation method.

ACCURACY OF FORMS OF SULFUR METHODS

Questions concerning the accuracy of either oxidation or reduction methods for
the determination of forms of sulfur in coal generally stem from the difficulties
associated with the incomplete extraction of finely-dispersed pyrite (25,27,28,29).
Results of these studies have been at variance. In some cases, fine grinding of coal
(~200 mesh) tended to increase the amount of pyrite extracted by HNO3, especially in
high rank British coals (>85% carbon content). However, for U, S. coals, grinding
to the usual -60 mesh particle size has been successful (7,8,9,10). Burns (30) also
found fine grinding to be unnecessary for Australian coals when pyritic sulfur was
extracted from the coal residue following the sulfate sulfur extraction rather than
from a fresh coal sample.

Trese and other questions regarding the reliability of determinations of forms
of sulfur were the subject of a recent investigation (26). For this study, results
from the ASTM oxidative method were compared with those of a reductive method (2h)
to determine whether or not extraction of pyrite is complete, whether or not organic
matter is significantly affected by HNO3 extraction, and whether or not organic sulfur
can be obtained either by computation or by Eschka determination of residual sulfur
following HNO3 extraction of pyritic sulfur. The influence of coal particle sizes
(-60, -200, and -L00 mesh) on the values determined by both methods was also studied.

Results for two coals, which are representative of the nine coals studied in
this investigation, are given in Table IV. The principal conclusions are summarized
as follows:

1) Coal particle size had no significant effect on total sulfur determined by

the Eschka method (Table IV, column four).

2) X-ray fluorescence values for total sulfur agree well with Eschka values
(Table IV, columns four and five).

3) Pyritic sulfur values determined by the ASTM method are not significantly
influenced by coal particle size (Table IV, column seven).

4) For the reduction method, pyritiec sulfur values in agreement with those from
the ASTM procedure were obtained only when the coal was ground to -400 mesh
(Table IV, columns seven and eight).

5) Agreement of total iron in the coals, as determined by X-ray fluorescence,
with the sum of the iron determined in the ASTM HC1l and HNO3 extracts was
excellent (Table IV, columns two and three). This indicates that all of
the pyritic iron (sulfur) was extracted by the HNOj.

6) It was concluded that no pyritic iron remained in the residues of the nine
coals studied after they were subjected to either the ASTM oxidation method
or the reduction method (on -400 mesh coals only). Therefore, organic sulfur
values calculated by subtracting the sum of sulfate sulfur plus pyritic
sulfur from total sulfur were deemed accurate (Table IV, columns nine and ten
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TABLE IV. CONCENTRATION OF IRON AND VARIETIES OF SULFUR IN TWO ILLINOIS COALS
Total iron  Total Sulfur Sulfur
(%) (%) (%)
Sample X-ray X-ray Calculated Determined
and fluores- fluores- S04 Pyritic organic organic

si'ze6 ASTM ence ASTM ence ASTM ASTM Reduc. ASTM LAH ASTM Reduc.
Cc-18067
—%0 4,28 3.80 T.48 T.25 0.02 4.82 4,08 2.64 3,38 2.50 2,24
-200 4,26 4,28 T7.53 T.b45 0.02 L.76 L. 4y 2,75 3.07 2.48 2,21
-400 4,30 4,52 7.52 T.63 0.02 14,79 4,60 2,71 2.90 2.54 2,51
C-17167
-60 l.24 1.23 2.91 3.05 0.50 0.94% 0,77 1.57 1.74 1.37 1.45
-200 1,29 1.31 2.95 3.09 0.39 0.92 0.88 1.75 1.68 1,26 1.25
-400 1.30 1.31  2.93  3.07 0.39 0.93  0.93 1,61 1.61 1,19 1,31

ORGANIC SULFUR

Research on the nature and removal of organic sulfur compounds from coal has
been extensive (31,32,33,34,35,36). Unfortunately, none of these investigations has
led to useful methods for determining varieties of organic sulfur in coal. Indeed,
as previously mentioned, no methods have as yet been developed for the direct deter-
mination of total organic sulfur in the presence of inorganic sulfates and sulfides.
When organic sulfur has been "determined" rather than calculated by difference, the
coal was first demineralized using methods similar to those described in the Inter-
national Standards Organization Recommended Method R-602 (37), or by Kuhn et al., (26)
and Smith and Batts (38). 1In these, sulfate and pyritic sulfur are first removed by
acid dissolution, oxidation and/or reduction reactions. The total sulfur determined
in the coal residue is then considered to be organic sulfur. This method was found
to be fairly reliable by Kuhn et al. (26), although small losses of organic sulfur
were unavoidable (Table IV, columns nine through twelve). The most accurate results
for organic sulfur seemed to be those which were calculated.

An interesting new approach to the purported determination of organic sulfur in
coal is that of Hurley and White (39). They employed a X-ray fluorescence method to
first determine total sulfur from the KB line intensity and then a line ratio tech-
nique to find the proportion of sulfate sulfur (KB' line intensity) in the total sulfur:

%ssoh = % Totaly x (SKB'/SKR) x M;

where M; is the slope of a standard straight line calibration curve of the ratio
(SKB'/SKB) vs. concentration. The peak shift of sulfur KB was used to determine
amounts of sulfide and organic sulfur:

= ASKB-B.
%Sorg % Total S x ( M, )
ASKB-B
%S = % Total S x (100- ———)
pyT M,

where the calibration constants, M, and B are obtained from a straight line calibra-
tion curve of the form Y = MX + B, It should be noted that pyritic sulfur is a
calculated difference figure, ie., the sum of the three forms of sulfur must equal

100%. Therefore, the sulfur values are not independently determined.

NONPYRITIC SULFIDES

Studies have shown that some coals contain significant quantities of nonpyritic
sulfide (1,2), and that it usually occurs in conjunction with high zinc concentrations
(up to 5000 ppm). In the reduction method the pyrite (FeS,) is first reduced to sul-
fide (FeS). Any nonpyritic sulfide present in the coal will contribute to the
pyritic sulfur value when the chemical reduction of pyrite is carried out prior to
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sulfate removal*. This is true only when the reduction step is done first, as some
nonpyritic sulfide is lost in the HC1l digestion for sulfate sulfur (ASTM). The
ASTM method for pyritic sulfur measures only the pyritic iron. Consequently, a
pyritic sulfur value determined by the reduction method that is higher than one
determined by the ASTM method would be a measure of the amount of nonpyritic sulfide
present in the coal, In such a case, Zn concentration is also a useful measure of
nonpyritic sulfide.

The loss of nonpyritic sulfides as hydrogen sulfide in the hydrochloric acid
digestion of sulfate sulfur (ASTM) would result in this sulfide's being determined
as neither sulfate nor pyritic sulfur. The organic sulfur value, calculated as the
difference between the total sulfur and the sulfate + pyritic sulfur values, would
then be erroneously high.

ANALYSIS OF COAL~RELATED MATERIALS

Coal preparation and float-sink studies frequently require the determination of
forms of sulfur in coal gravity fractions. Because these commonly contain 10 to 20%
sulfur, care must be taken when applying methods developed for the analysis of whole
coal to them. Helfinstine et al. (3,4) determined forms of sulfur in 64 Illinois
coals, in their float fractions (five for each coal), and in the material that sank
at a specific gravity of 1.60. These data were then used to calculate sulfur in the
"raw coal" by proportionally combining the individual float-sink fractions to give
vaelues that should be equivalent to values given in the original raw coal analysis,
The average difference in percent between analyzed raw coal sulfur values and those
calculated from the individual analyses of float-sink fractions are -0,15, -0.05, and
~0.11 for total sulfur, pyritic sulfur, and organic sulfur respectively. Although
the means (as well as their standard deviations) are small and indicate good agree-
ment, examination of all of the data shows notable exceptions for some high sulfur
samples, In one coal, percent differences between analyzed and calculated values
for total sulfur, pyritic sulfur, and organic sulfurwere -0.56, -0.49, and -0.10,
respectively. Careful resampling and analysis has shown that differences of this,
magnitude are not due to poor sampling or analytical techniques, but rather to small
errors in the analysis of high sulfur materials using the ASTM method of determining
forms of sulfur. Such errors may be megnified by factors of 10 or 20 in making the
calculations. )
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-60 Mesh Coal

HC1 Reflux
30 min,
Filter

Filtrate Coal Residue
NH,OH HNO3 Reflux
Filter 30 min.
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NH,,OH
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Figure 1.
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Flow diagram for ASTM determination of forms

of sulfur in coal.
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FATE OF ATMOSPHERIC SULFUR AND NITROGEN FROM FOSSIL FUELS
CHARLES HAKKARINEN*

ELECTRIC POWER RESEARCH INSTITUTE, PALO ALTO, CALIFORNIA

Sulfur and nitrogen are emitted to the atmosphere during the combus-
tion of coal and other fossil fuels principally as the gases sulfur
dioxide (803) and nitric oxide (NO). 1In uncontrolled systems,
approximately 90% of the sulfur in the fuel is converted to SO; and
5% to S03. The balance is emitted in flyash or collected in the
bottom slag. (1) Coal combustion accounts for about 60% of the man-
made sulfur oxide emissions (2,3), which represent 1/3 of the total
global sulfur emissions to the atmosphere, uiz. 300 x 106 tons
S02/yr. (3) Nitrogen oxide emissions during fossil fuel combustion
result from high temperature reaction of atmospheric nitrogen and
oxygen, as well as partial combustion of nitrogenous compounds in the
fuel. Important factors that affect NO production include: Flame and
furnace temperature, residence time of combustion gases, rate of
cooling, and presence of excess air. (1) Coal combustion accounts
for 20% of the man-made NO emissions, which represent 1/10 of the 500
x 10% tons/yr produced by natural sources. (4)

The atmospheric transport, conversion, and fate of sulfur dioxide and
nitric oxide is quite complex. While qualitative descriptions of
some conversion and deposition mechanisms are available, guantitative
estimates of the importance of each mechanism remain crude.

Sulfur dioxide emitted into the atmosphere is advected and dispersed
by the general air flow and smaller scale turbulence. Direct adsorp-
tion may occur on vegetation and soil surfaces (5). S0, may also be
"washed out" in precipitation (6). However, it is generally believed
that most SO is chemically converted to sulfuric acid or a parti-
culate, sulfate before removal from the atmosphere.

In the presence of sunlight, SO, may be oxidized in a three body
reaction by photochemically produced monatomic oxygen. (7) Rapid
hydration would follow to form a sulfuric acid mist. The presence of
ammonia may buffer the reaction and increase production of sulfates. (8)

502 + 0O+ M he SO3 + M 1)

SO3 + H20 o H2504 2)
+ =

H,S0, * nH,0 + NH, =+ NHj , SO, , nH,0 3)

Other investigators (9, 10, 11) have recently proposed SO. reaction
with either OH or HOj; as an important homogeneous gas-phaSe con-
version mechanism.

HO» + SOy - 503 + OH 4)

OH + 502 + M - HSO3 + M 5)
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This mechanism has been purportedly demonstrated in laboratory experi-
ments (11), but remains to be verified under actual field conditions.
The development of a remote monitoring instrument for OH (9) should
provide more information on its relative significance.

Direct photo-oxidation of SO, is considered to be negligable. (12)

Heterogenous reactions on solid or liquid surfaces represent a second
important class of SO2 oxidation mechanism. The presence of heavy
metal ions, such as iron or manganese have been observed to catalyze
the conversion of S0, to acid sulfates. (13) Oxidation rates are
highly dependent on temperature and relative humidity.

Catalytic oxidation may also occur on dry surfaces. Novakor,

et al. (14) have demonstrated catalytic formation of sulfate on
carbon soot in the laboratory and have identified several sulfur
compounds on the surface of carbon particulates collected in urban
atmospheres. '

Sulfur compounds emitted during combustion and converted to sulfates
are ultimately removed from the atmosphere by dry deposition and
precipitation. Although the removal rates are not well quantified,
the atmospheric residence time is estimated to range between one and
seven days. {(3) Long range transport of sulfates may therefore
extend to hundreds of kilometers from the SO, source. (15, 16, 17,18)

"Ballpark" estimates of net SO, to sulfate conversion rates for several
mechanisms are listed below.
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Table 1

502

Mechanism

Direct photo-oxidation

Indirect photo-oxidation

Air oxidation in liquid droplets
Catalyzed oxidation in liquid droplets
Catalyzed oxidation on dry surface

Observed S0, consumption in a coal-
fired powér plant plume
70% relative humidity
100% relative humidity

(Table adapted from 19, 20)

to SOy Conversion Rates

SO

2

Consumption Rate

%/hr
%/hr
%.hr
$/hr
$/hr

%$/min
%$/min
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Nitrogen compounds are emitted during fossil fuel combustion princi-
pally as NO. Oxidation to NO2 occurs very rapidly, however.
Equilibrium valves of NO and NO2 are determined by the following

reactions:
NO + 03 + NOjp + 02 6)
NO, + hv + NO + O 7)

The NO/NO+NO, ration is approximately .5 during daylight and .1 at
night. (9)

NO may undergo a series of complex chain reactions (typically 100 times
slower than the NO NO, reaction) with olefinic hydrocarbons and

hydroxyl radicals to form nitrate compounds. A typical sequence might
be:

02
Oy +HC™> R - RO, * 8)
RO, * + NO* NO, + R é 9)
R-CH R-RrR-¢C"- ¢2 R-C-0-0 - 10)
o o o
NO»

- R-Cc-0-0- NO,,

(¢}

Measurements of nitrate ions in rain (21) suggest that NOjp is
transformed to nitrates in precipation. However, the direct reaction

NO, + H,0 ~» HNO, _ 11)
has not been shown to be significant in the atmosphere. (4) Two
other mechanisms have been suggested recently (9) for nitrous and
nitric acid formation during daylight:

NO, + OH + M > HNOy + M 12)

NO2 + H02 + HNO2 + O2 S 13)
Both mechanisms remain to be verified by field measurements of
hydroxyls.

Heterogeneous surface catalysis of NO and NH3 on carbon soot has

been proposed by Chang and Novakov (22). 1In”laboratory experiments
they have generated volatile ammonium salts at ambient termperatures
and reduced nitrogen compounds at elevated temperatures, in qualitative
agreement with field observation at urban California sites.
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Little information is available on the consumption rate of NO; by
) the mechanisms described. However, Robinson and Robbins have

< estimated the residence time of NOy to be three days, based on the
‘total atmospheric nitrogen cycle. (23)
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REVIEW OF DESUIFMURIZATION AND
DENITROGENATION IN OAL LIQUEFACTION

R.H. Wolk, N.C. Stewart and H.F. Silver

Electric Power Research Institute
Palo Alto, California

INTRODUCTION

With ever increasing demands on fossil fuels as a source of energy and ever
decreasing supplies of crude petroleum within the United States, the nation

must turn more and more to the use of coal. Yet the people of this country

have mandated through their representatives that they do not want the anticipated
use of coal to degrade their environment.

The air pollutants of particular concern are nitrogen oxides, sulfur oxides and
particulates. Nitrogen oxides are formed from nitrogen in air as well as organic
nitrogen in the fuel, and their concentration is primarily a function of combustion
parameters. Sulfur oxides and particulates are a function of the chemical composi-
tion of the fuel used.

In response to public demand, the Environmental Protection Agency, EPA, has estab-
lished air quality standards which define maximum allowable concentrations of
pollutants in the atmosphere. 1Individual states have established emission standards
for existing sources which meet the EPA's Air Quality Standards while the EPA has
established emission standards for new sources. The current Federal Standards for
emissions for new fossil fuel fired steam generators larger than 250 million BTU/hr
are presented in Table I.

Because nitrogen oxides are so dependent upon furnace operating parameters such as
- burner configuration, excess air used, air and fuel distribution, etc., it is diffi-
cult to predict the level of nitrogen oxides to be expected from a given fuel. On
the other hand, reasonable predictions can be made of the expected SO_ emissions
from coal since the only source of SO, is the sulfur in the coal. Thus, we would
expect that in order to meet the SO, emission standard for solid fuels of 1.2 lbs
per million BTU's while burning 10,600 BTU/lb coal, the coal must contain 0.6 wt.%
sulfur or less. Unfortunately, the sulfur content of coals ranges from 0.2 to
over 10 wt.% while the typical coal contains 0.5 to 4 wt.% sulfur.

Sulfur in coal exists in three distinct forms; (a) as organic sulfur, (b) as pyrite
or marcasite (two common crystal forms of FeS.), and (c) as sulfates. The amount of
organic sulfur is normally not over 3 wt.%. %he sulfates, mainly calcium and iron,
rarely exceed a few hundredths percent except in highly weathered or oxidized samples.
Because pyrite and marcasite are difficult to distinguish, these forms of sulfur in
the coal are called pyrite. Nitrogen in coal exists in organic form, and is generally
in the range of 1.0 to 1.5 wt.%. A hypothesized structure which shows possible forms
of organic sulfur and organic nitrogen in coal is shown in Figure 1.

COAL LIQUEFACTION

Process Description

One method that is being seriously considered to reduce sulfur and nitrogen contents
of coal to acceptable limits is liquefaction in the presence of hydrogen. A concep-
tual flow diagram of such a process is shown in Figure 2. Coal mixed with a solvent
and hydrogen reacts at elevated temperatures and pressure either in the absence or
presence of a catalyst to form a mixture of liquid products. If hydrogen consumption
is maintained at low levels, 1.5 - 3 wt.% of the coal fed, most of the product is a
high boiling, heavy liquid with a heating value in the order of 16,000 BTU/lb. This
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product is solid at room temperaturc and may be used directly as fuel if its sulfur
content is less than 0.96 wt.% or further processed to form either gasoline or
chemicals. Higher hydrogen consumption in the liquefaction reactor produces lower
boiling products with lower levels of sulfur and nitrogen.

Organic sulfur and nitrogen are removed when coal is liquefied mainly by reactions
which form st and NH3. The ammonia can be recovered by conventional purification
methods.

Hydrogen sulfide is normally recovered, concentrated, and then coverted to sulfur

in the Claus process. The effluent gas from the Claus unit must be further processed
in a Claus tail gas cleanup unit to reduce sulfur compounds to an environmentally
acceptable level. Hydrogen sulfide produced by gasification of coal or of unlique-
fied coal to produce hydrogen would normally be processed in that same equipment.
Organic nitrogen compounds are converted almost completely to molecular nitrogen in
high temperature gasification processes such as the Koppers-Totzek or Texaco.

In the liquefaction process, pyritic sulfur is reduced to FeS , where x is about
1.0. FeS_ is then removed mechanically by filtration or by solvent precipitation
along with heavy liquid-like product and unconverted coal.

Desulfurization Results

Published data on the desulfurization of coal as a function of hydrogen consumption
from the catalytic H-Coal, Gulf CCL, and Synthoil processes are presented for Illin-
ois, Kentucky, Kaiparowits, Pittsburgh, Big Horn, Wyodak, and Middle Kittaning coals
in Figure 3 (1,2,3,4,5). Analyses of these coals are presented in Table II. Pub-
lished data from non-catalytic (SRC) processes are also presented in Figure 3 for
Kentucky, Kaiparowits, and Illinois coals(5,6).

In general, the data plotted in Figure 3 show that as the total amount of hydrogen

- consumed increases, the sulfur content of the fuel o0il product decreases. A band

has been used to indicate the trend of all the catalytic data since this data has
been taken over widely different combinations of reactor temperatures and pressures,
coal space velocities, catalyst types, catalyst ages and activity levels with result-
ing wide differences in fuel oil yields. Consequently, no alleged superiority for
hydrogen selectivity for sulfur removal of one catalytic system over another can be
inferred from this particular collection of data.

Interestingly, the data plotted in Figure 3 show that the amount of hydrogen re-
quired to reach a moderate sulfur level of about 0.9 wt.% in large scale non-catalytic
reactors corresponds reasonably well with the amount of hydrogen required to reach
that same level of sulfur in catalytic systems. However, there may be larger differ-
ences in hydrogen consumption requirements between large-scale non-catalytic and cat-
alytic processes at fuel oil product sulfur levels below about 0.5 wt.%. It should
also be pointed out that the reactor residence times in non-catalytic systems corres-
ponding to a given hydrogen consumption are much higher than the reactor residence
times in catalytic systems at the same hydrogen consumption levels.

As hydrogen consumption will have a large effect on the economics of coal liquefaction
processes, it would be advantageous if the process consumed hydrogen only in the
formation of H.S and NH,. Material balance calculations show that a hydrogen consump-
tion equivalent to only 0.16 wt.% of the coal is required to convert 2.5 wt.% sulfur
in the coal completely to H_S and a hydrogen consumption equivalent to only 0.11 wt.%
of the coal is required to convert 0.5 wt.% nitrogen in coal completely to NH_,. How-
ever, as shown in Figure 3, the amount of hydrogen required to desulfurize coal to
products containing sulfur levels of 0.5 - 1.0 wt.% is equivalent to 1.5 to 6.0 wt.%
of the coal. A relatively larger amount of hydrogen is required to produce low sulfur
fuel o0il products from low sulfur subbituminous ceoals than from bituminous coals be-
cause subbituminous coals contain a much larger concentration of oxygen, 15 - 20 wt.%,
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than bituminous coals which contain 7 - 12 wt.% oxygen. However, most of the 118
hydrogen consumption shown in Figure 3 goe: to the production of gaseous and

liquid hydrocarbons with a hydroaen content of about A to 12 wt.% from coal with a
hydrogen content of about 5 wt.%. Methane, for example, contains 25 wt.% hydrogen.

Although most of the data obtained from both catalytic and non-catalytic coal
liquefaction falls within the band shown in Figure 3, a separate line has been
drawn through data obtained from a bench scale non-catalytic flow reactor. The
observed difference in the results obtained from the bench scale reactor and

other reactors is not entirely due to differences in the coal processed. For
example, there is a significant difference in the results obtained on the fraction
of organic sulfur removed during the processing of a mixture of Kentucky No. 9 and
No. 14 coals in the Wilsonville, Alabama six ton per day SRC plant and in the bench
scale reactor, as shown below.

DESULFURIZATION RESULTS

Wilsonville (7) Bench Scale
Coal Processed Kentucky No. 9 & No. 14 Kentucky No. 9 & No. 14
7, °F 830 825
P, psig 2400 2500
Space Time, hrs. 0.7 0.7
Fraction of organic
sulfur removed, x 0.62 0.82

In order to explain the large observed differences in the fraction of organic sulfur
removed in the two different rcactor systems, the effect of mixing in the reactor
was evaluated. Flow considerations indicated that the Wilsonville reactor may have
acted essentially as a backmix reactor while the bench scale reactor may have acted
-essentially as a perfect plug flow reactor. However, neither a first order nor a
second order kinetic rate plot fit the bench scale data.

In similar work, Lessley (8) suggested that the first order cracking rate coefficient
in a non-catalytic system is a function of conversion. Applying a simplified form
of the Lessley equation to the desulfurization bench scale data, a first order rate
coefficient was assumed to have the following dependence on the fraction of organic
sulfur removed, x;

-ax
k =%k e
where k is an initial rate coefficient
and a is a constant

Assuming a first order reaction mechanism, values of "k " and "a" were obtained
which would fit the experimental bench scale data. Thege results were then used to
predict that if the reaction in the bench scale reactor had been carried out in a
perfectly backmixed reactor, the fraction of organic sulfur removed under the reac-
tion conditions specified in the preceeding table would have been 0.58 rather than
0.62 actually observed. The fact that the Wilsonville reactor only approaches
perfect backmixing was confirmed by the existence of a small temperature gradient in
the reactor. The results of this analysis, based on limited data, suggest that the
flow pattern of the fluid in the reactor may be an important variable.

After pyrite removal, overall reductions of up to 90% of the total sulfur in the
original coal are possible. The sulfur levels of the various product fractions
generally increase with boiling range. This is shown in Figure 4 for non-catalytic
operation and Figure 5 for catalytic operations. Most of the sulfur is contained in
the non-distillable ash free residual fraction to which an arbitrary mid-boiling point
of 1100 or 1200°F has been assigned depending on the source of the data. These high
boiling fractions may contain up to 1.2 wt.% sulfur when obtained from high sulfur
bituminous coals.
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Slurry oils produced during the non-catalytic liqun®action of high sulfur bituminous

coals and boiling in the range of 450° to “0°F normally contain 0.2 - 0.4 wt.% sulfur.

The sulfur content in the slurry oil produ:ed from low sulfur subbituminous coals
is normally less than 0.05 wt.%. An interesting, but unexplained anomoly, is
indicated for narrow product fractions with a mid-boiling point between 350° and
450 F. These materials have sulfur contents higher than both lighter products and
higher boiling products.

Denitrogenation Results

The amount of hydrogen required to obtain fuel 0il products with a specific nitrogen
content is indicated in Figure 6. There is a differentiation indicated on this
figure between catalytic and non-catalytic processing results with higher nitrogen
removal obtained catalytically. However, more hydrogen is required to oktain these
lower product nitrogen levels. Even in the case of catalytic systems, the nitrogen
content of the fuel oil fraction is seldom less than one half the nitrogen content
of the feed coal. 1If higher levels of denitrogenation are required, additional
hydrogen processing of the primary products using nitrogen specific catalysts will
be necessary.

Figures 7 and 8 show nitrogen content as a function of the average boiling points
of product fractions. These results show that there is a steady increase in nitro-
gen content as average boiling point increases. Surprisingly little difference is
evident between the nitrogen contents of particular product fractions from catalytic
and non-catalytic systems. However, as the yield of low boiling liquids is much
laxger from catalytic systems than from non-catalytic systems, the total nitrogen

in all products from the catalytic systems is lower than the total nitrogen in all
products from the non-catalytic systems.

CONCLUSIONS

-Coal liquefaction can provide a low sulfur, environmentally acceptable fuel from

high sulfur, environmentally unacceptable coal. However, current coal liquefaction
processes require substantial amounts of hydrogen.

There is little difference in the amount of hydrogen consumed to reach a moderate
sulfur level of about 6.9 wt.% in the fuel o0il products from catalytic processes
and in the fuel o0il products from large scale SRC processes. There are indications
that the hydrogen consumption requirements for desulfurization are significantly
affected by the extent of mixing within the reactor.

A significantly larger amount of nitrogen is removed from coal processed in catalytic
systems than from coal processed in non-catalytic systems. At the same time, the
hydrogen consumptions and yields of low boiling liquids from catalytic systems are
substantially larger than the hydrogen consumptions and yields of low boiling liquids
from non-catalytic systems.

Finally, analyses of liquefied coal products indicates that the highest nitrogen and
sulfur levels are contained in the highest boiling product fractions.
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TABLE I

NEW STATIONARY SOURCE EMISSION STANDARDS

For Fossil Fuel Fired Steam Generators

Species
Partiéulates a)
b)
c)
so, a)
b).
NO . a)
x
b}
c)

larger than 250x106 Btu/Hr.
Standard

0.1 lb/lO6 Btu max. 2 hr. ave.
20% opacity. 40% opacity not
more than 2 min/hr.

Excludes H20

Liquid Fuel: 0.8 lb/lOGBtu
max. 2 hr. ave.

Solid Fuel: 1.2 1b/10° Btu
max. 2 hr. ave.

Gas Fuel: 0.2 lb/lO6 Btu
max. 2 hr. ave.

Liguid: 0.3 1b/lO6 Btu
max. 2 hr. ave.

solid: 0.7 1b/10° Btu max.
2 hr._ave.
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Proximate

Analysis

Wt.%
Ash

Volatile
Mater

Fixed
Carbon

Hydrogen
Carbon
Nitrogen
Oxygen

Sulfur

Sulfate
Pyritic

Organic

TABLE 2

COAL PROPERTIES

Bituminous -—- Subbituwninous
Kentucky Illinois Pittsburgh Middle Kaiparowits Big
#4 #9,11, #6 48 #8  Kittaning fiorn
12,13 .

8.5 17.2 11.6 8.3 8.3 9.7 6.3 4.4
39.2 37.8 42.0 34.1 42.8 40.3 43.9 42.5
52.3 45.0 46.4 57.6 48.9 50.0 49.8 53.1
5.1 4.8 4.8 5.1 5.1 5.3 5.1 4.6

73.0 ©0.7 70.2 76.8 73.9 72.8 72.5 69.4
1.3 1.2 l.4 1.6 1.2 1.3 1.0 1.2
9.0 11.3 9.3 6.7 7.5 7.5 14.7 12.9
3.1 5.5 3.2 1.5 4.0 3.1 0.4 0.5
8.5 16.5 11.1 8.3 8.3 10.0 6.3 4.4

0.26 0.47 0.00 0.01 0.02

Tiss {
1.42 3.08 2.1 1.32 0.00
1.35 1.95 .83 1.9 1.77 0.38 .40

121

46.3




— T ) N T ~ - . R SNE L BENG - - 1 — ‘

I

=0
-
=

JYNLINYLS TV0D SNONIANNLIG JO NOILVLINISAHIIY V L anbry




123

NOILVOI4ISVD

npoigd plog

¥ Y
1 ]
] ¥ fhn

v

—| ONILVIYLO¥OAH |4
I
|
|
1

1wnpoig pinhiy

N3D0HAAH

A

NOILIVI3NOIN

}—— V0D

IYNLVYIINIL| |
HOIH
N
431108 -
'.omh ﬁ..oz
Lo )
19NQoyd B
SVO NV31D S NOILVOI4I8Nd; |
€
Fean
s%H
TR T T W—— $$3004d

SNV

4

dN NV31D SvO
VL SOV

12Npoid snooaser

1UDA|0S HOADIY

§53304d NOILOV43N0IT TV0I TVYNLJIONQOD

N
A e I T e .



124

wadiad yblam — 1yQD v NOILJWNSNOD NIDOHOAH

9 S 14 € Z 8
> 1 [ vy | T _
vl  vA a :
\ > =
O
v v
i£0D O
— snouruinuqqng 205 smouIWNIIg
onAjmeduoy eieQq
\ 101082y Mmo[4 Bnyy
)
1809 snoulwniig
- anAjeeston pur nAIme) AL
eieQg JoIdeIY paxiuyong
%0v-09 %G5-0L
- Q713A VO 13Nnd MO G131A 110 13Nd HOIH ———————
.
Buiuenry
uwioy big p .
B AEPOAM W Apamuay O
weag ybingsiilg g weag ybingsiitg A
sumosedizy M sumosediey [
B 9 "oN souyl] @ - 9 "oN stoul O
JILAVLVYD JILATVLVINON

110 13N ¥N4INS MO 3ONA0Hd OL A3HINDIY NIDOHAQAH £ 2inbiy

[A]

v'o

90

80

(L8

vl

8’l

0¢

19N00dd 10 13N4 "INILNOD HNIINS

Junmad i e

-



i
;\

{ 125
i
\ Figure 4 SULFUR CONTENT OF COAL LIQUIDS
\ FROM NONCATALYTIC OPERATIONS
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Figure 5 SULFUR CONTENT OF COAL LIQUIDS
FROM CATALYTIC OPERATIONS
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Figure 7 NITROGEN CONTENT OF COAL LIQUIDS
FROM NONCATALYTIC OPERATIONS
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CHARACTERFZATION. OF NITROGEN: COMPOUNDS IN TAR
PRODUCED: FROM. UNDERGRGUND- COAL GASIFICATION

S. B. King, C. F. Brandenburg and W. J. I;anﬁm=

Energy Research and Development Adminfstration

. Laramie Energy Research: Center

Box 3395, Laramie, Wyoming 82071

INTRODUCTION

In the fall of 1972, the Laramie Energy Research Cemter of the Bureau of
Mines (now the Energy Research and Development Administratiom) initiated am im
situ coal gasification experiment im Hanna, Wyoming. The objective was to
ascertain if a tow-Btu gas which would be competitive with other emergy sources
could be produced using present technology. If such a process were feasible it
could orovide an: alternative to the hazards, costTy transportation, and environ-
mental objections: of current coal mining technoTagy.

The idea of underground coal gasification fis over a hundred years: old and
has been tried in several different. countries, with the largest experiments. in

N the USSR, Great Britain and the U. S. These experiments showed that gasification

was. possible and a combustible fuel could be produced, yet the British and U. S.
trials were determined to be economically impractical at the time they were
conducted. Although information is sketchy, the USSR is presently generating

\ electricity from Tow-Bfu gas generated via in situ gasification. It ¥s claimed
that this power is generated at costs competitive with coal fired power plants.

\ DESCRIPTION OF THE UNDERGROUND: GASIFICATION EXPERIMENT

The: Hanna, Wyoming,. experiment (I-3) was conducted im a subbituminous coal
seam thirty feet thick at a depth of four hundred feet. A pattern of sixteen
wells was drilled fnto the seam to take advartage of the natural fractures and
permeabiTtity of the coal. In March 1973 the coal was ignited and air was supptied
as the gasification agent. After initial start-up a steady-state system was
obtained which Tasted from September 1973 through. February 1974. Ouring this six-
month period, gas analyses were taken along with other operating data. A low-

Btu gas averaging approximately 130 Btu/scf was produced and the production was

\ controlled to some degree by varying pressure and flow rates of the air injected

¢ and the gases produced.

In- conjunction with low-Btu gas production, a Tiquid product was condensed
from the gas stream. The major part was water but approximately 10% was an organic

J lTayer or coal tar. This coal tar has been estimated to contain 5% of the total

.

Bl N

N

energy produced from the in situ system. This coal tar raised three questions.
What was its value as a petroleum substitute, either as a fuel or as a petrochemical
feedstock? What information could be derived from: this coal tar concerning reaction
conditions occurring Tn: the coal seam? Did the coal tar contain compounds which
may lead to environmental damage? Characterization of these coal tars was there-
fore undertaken in an attempt to answer these questions.
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During the period of gas production coal tar samples were collected from
the produced gas stream. The liquid condensate, composed of coal tars and water,
was separated in an air cooled condenser and a portion was drawn off as a sample.
Two of these samples which represented distinctly different operating conditions
during the life of the in situ coal gasification experiment were chosen for
characterization.

The dry gas production rate over an eight-month period is shown in Figure 1
with the collection dates for samples 1 and 2 shown. As can be seen, Sample 1
was taken during a period of low gas production, which is associated with carbon-
ization rather than gasification. Sample 2 was taken during a period of high gas
production when the contribution of gasification was greater. A further indication
of the relative contributions of carbonization and gasification can be seen from
the gas analyses shown in Table 1 for the dates of coal tar sample collection.
The carbonization of coal produces a large amount of methane compared to the amount
of carbon monoxide. Upon reaching the conditions required for gasification, the
carbon monoxide produced will increase due to the reactions shown by Equations
1 and 2.

C+ H,0 + CO + Hy 1)
C + C0, »~ 2C0 X 2)
TABLE 1. - Gas Analyses on Collection Dates

Sample 1 Sample 2
August 4, 1973 December 10, 1973

Hydrogen 9.5% 16.14
Argon 1.17 1.01
Nitrogen 55.62 53.84
Methane 9.62 3.74
Carbon Monoxide 0.80 6.94
Ethane 0.81 0.28
Carbon Dioxide 21.90 17.91
Propane 0.16 0.08
Propene g.12 (]
n-Butane 0.01 0
iso-Butane 0.05 0
Hydrogen Sulfide 0.23 0.05
Heating Value 154 Btu/scf 119 Btu/scf

a .
Values are expressed in mole %

The high ratio of methane to carbon monoxide in the product gas on the
collection date for Sample 1 indicates that carbonization is the primary reaction
mode. Conversely, the low ratio of methane to carbon monoxide on the collection
date for Sample 2 indicates that gasification was occurring to a greater degree.

Experimental

. Nonaqueous titration of nitrogen was performed in acetic anhydride and benzene
with HC10, as described by Buell (4). GLC analvses of tar bases were done on a
15' x .18" 15% TRITON X-305 on a Gaschrom P column. With a helium carrier gas,
a flow rate of 46 ml/min STP, isothermally at 100°C for 16 min, then a 2°C/min

— e e e R imem
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increase to 220°C, a useable separation of components resulted. NMR spectra were
recorded onaVarian HA-100 instrument with the use of a Varian C1024 (CAT) console
for one specific sample. UV spectra were recorded on a Beckman DB-G spectrometer
with cyclohexane as solvent. Mass spectra were obtained on an AEI MS-12 instrument.
Simulated distillations were performed with use of gas chromatography with residue
defined as any material that does not boil below 1000°F. Fractionalization into
tar acid, tar base and neutral fractions was accomplished by mineral acid and
sodium hydroxide extraction and then regeneration through pH adjustment.

Coulometric nitrogen determination was performed on a Dohrmann instrument
by reductive pyrolysis and subsequent ammonia titration in a microcoulometer.
Coulometric sulfur determination was obtained using a Dohrmann instrument by oxi-
dative pyrolysis to sulfur dioxide and titration of the sulfur dioxide in a
microcoulometer.

COAL TAR CHARACTERIZATION

Each sample was subjected to analyses by simulated distillation, nonaqueous
titration, and elemental analysis, plus determination of some physical properties.
Upon separation of both samples into tar base, tar acid and neutral fractions,
each fraction was then subjected to nonaqueous titration and coulometric
determination of nitrogen and sulfur. The tar base fractions from both samples
were separated by GLC where compound types have been assigned to separated components
with specific structures identified in some cases.

Simulated Distillations

Simulated distillations showed Sample 1 to have a bo111ng range of 100- 600°F
with no residue. Sample 2 had a boiling range of 100- 950°F with no residue. The
percentage of the coal tar within a specified boiling range is shown in Table 2.
As Tab]e 2 shows, over 50% of sample 2 has a boiling distribution between 500°F
and 700°F, wh11e sample 1 has almost 50% of the boiling range distribution between
400°F and 500°F. This shows that sample 1 was a lighter coal tar than sample 2
and that the average molecular weight of sample 1 was less than sample 2.

TABLE 2. - Boiling Range Dfstribution

100 - | 400 - | 500 - | 600 - | 700.- i 800 - | 900 -
Sample 400°F | 500°F | 600°F | 700°F | 800°F | 900°F | 1000°F| Residue
1 30.0% | 46.7% | 22.0% 1.3% 0% 0% 0% 0%
2 6.2 16.9 25.6 28.2 | 16.0 5.3 1.8 0
Carbonized 0 11.3 16.3 13.1 | 15.2 12.4 7.5 | 24.2

For comparison, the boiling range distribution for the coal tar produced
by laboratory carbonization of a Hanna coal samp]e at 500°C is presented. . In
comparing the distribution of material depicted in Table 2 the relative amount
of residue becomes evident. Samples 1 and 2 show no residue while nearly a fourth
of the carbonized sample is residue or material boiling above 1000°F. This demon-
strates a unique fact concerning these coal tars. While the underground gasifica-
tion may be similar to aboveground gasification, the coal tars produced in
underground gasification are carried to the surface as a steam distillate. Since
very little heavy tar will reach the surface, under these conditions, very little
if any residue is expected, and the coal tar will not be entirely representative
of the total tar generated in the combustion zone.
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Nonaqueous_Titrations

Nonaqueous titrations of samples 1 and 2 are shown in Table 3.

TABLE 3. - Nonaqueous Titrations of Samples 1 and 2

Sample 1 0.665% wB? 0.129% vwWs?d
Sample 2 0.524% WB 0.186% VWB

3B and WWB refer to weak and very weak base

Strong, weak, and very weak bases are defined by their half neutralization
potentials (HNP}, with strong bases having an HNP less than 150 mV, weak bases
between 150 and 350 mV, and very weak base greater than 350 mV. Examples of
weak bases would be pyridines or quinolines while amides would be titrated as
very weak bases. Primary and secondary anilines titrate as very weak bases
since they will acetylate and then titrate as amides. It should be understood
that not all nitrogen compounds will titrate. Conversely not only nitrogen
containing compounds will titrate, as an example, some sulfoxides titrate
as very weak bases.

Physical Properties

Some of the physical properties of sampies1 and 2 are shown in Table 4.
As expected from the conclusions of the simulated distillations, sample 2 is
a heavier sample. The higher specific gravity, viscosity and heat of combustion

all indicate that Sample 2 does indeed represent a higher average molecular weight

coal tar.
TABLE 4. - Physical Properties
Sample 1 Sample 2
Specific gravity at 60°F 0.962 0.977
Viscosity at 100°F 3.55 centistokes 13.16 centistokes
Heat of Combustion 16,073 Btu/1b 17,256 Btu/1b

E]eﬁenta] Analyses

The elemental analyses of samples 1 and 2 indicate a marked difference in
oxygen content as shown in Table 5.

TABLE 5. - Elemental Analyses

Sample 1 Sample 2
Carbon 77.80 86.33
Hydrogen 10.22 10.43
Nitrogen 0.74 0.79
Sulfur 0.23 0.18
Oxygen 11.043 2.278

a"(nygen percentage is determined by difference

1

-
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This change in oxygen content is attributed to the relative amounts of tar
acids in each sample. This is shown in Table 6, where the composition of samples
1 and 2 vary noticeably with respect to the relative amounts of tar acids.
Preliminary mass spectral analysis of the tar acid fraction from Sample 1 showed
the majority of the fraction to be substituted phenols which would help explain
the higher oxygen content in sample 1 compared to sample 2.

TABLE 6. - Composition of Coal Tar, by Weight Percent

Sample 18 Sample Zb
Tar Base 4.0 8.7
Tar Acid 42.1 . 14.5
Neutral 53.9 76.8

390.9% recovery of sample 1
b96.4% recovery of sample 2

The difference in tar acid content between the two samples is proposed to
be due to 5ome basic change in the conditions producing the two samples. At the
time Sample 1 was produced, the air injection rate into the combustion zone was
considerably less than at the time Sample 2 was formed. Higher air injection
rates are associated with higher coal utilization, higher gas production rate,
and higher exit temperature of the produced gas. This would suggest that the
coal tars collected in Sample 2 either were being formed at higher temperatures
or were passing through a higher temperature flame front (combustion zone).
Fieldner and Davis (5? have reported a change in composition of coal tar with
increasing carbonization temperature. They stated that increasing temperature
causes a decrease in tar acid content which agrees with the comparison of
Samples 1 and 2 (Table 6). With the increase in boiling range and other para-
meters measured during the experiment, this evidence indicates that Sample 2 was
indeed produced at a higher temperature than Sample 1.

Total Nitrogen, Total Sulfur and Nonaqueous Titration
of Base, Acid and Neutral Fractions

The results of coulometric determination of nitrogen and sulfur plus the
nonaqueous titrations of the tar base, tar acid and neutral fractions of samples
1 and 2 are shown in Table 7.

TABLE 7. - Total Nitrogen, Total Sulfur, and Titratable
Nitrogen for Acid, Base and Neutral Fractions

Total Sulfur Total Nitrogen | Titratable Nitrogen?
Sample 1
Tar Base 0.002 9.64% 8.10% WB, 1.36% VWB
Tar Acid 0.33 0.35 0.264% WB, 0.081% VW8
Neutral 0.02 0.08 0.035% VWB
Sample 2
Tar Base 0.23 4.82 4.45% WB, 0.36% VW8
Tar Acid 0.14 0.09 0.058% VB
Neutral 0.20 0.37 0.037% WB, 0.145% VWB

3,8 and VWB refer to weak and very weak base
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As can be seen from Table 7, the distribution of sulfur in the separate
fractions seems to be random and therefore no conclusions have been drawn as to
their compound types or explain their distribution. An interesting point about
the nitrogen values is the fact that while sample 2 contains approximately
twice the weight percent tar base that sample 1 contains, the total nitrogen of
sample 2's tar base fraction is about half that of sample 1's tar base fraction.
This would suggest that the tar bases in sample 2 have a higher average molecular
weight than those of sample 1.

The nonaqueous titrations of the two different tar base fractions indicate

the possibility of pyridines and quinolines as weak bases with the added possibility
of anilines titrated as very weak base.

Identification of Selected Components in the Tar Base Fraction

Twelve different components were fractionated by GLC from Sample 1 and
spectral data were obtained on each. These twelve peaks constituted 69% of the
base fraction of Sample 1. Compound types have been assigned to all separated
components and specific structures in some cases. Assignments were accomplished
with the combined aid of NMR, MS, UV and GLC data. The results are tabulated in
Table 8.

TABLE 8. - Tabulated Spectra on Separated Components From
Tar Base Fraction of Sample 1

% Total Compound
t.a of Base Type or
Component R | Fraction NMR Predominant Peaks uv MS Compound
1 8.9 1.18% | Triplet-67.10;: Triplet- | Amax at|100% pyridine
87.50; Doublet-88.45 262 nm |m/e 79
2 11.0 6.40 Singlet-62.41; Quartet-| Amax at|100% 2-picoline
$6.95; Triplet-67.36; 257 nm |m/e 93
Doublet-68.33
3 13.1 6.20 Singlet-82.37; Doublet-| Amax at|100% 2,6-1utidine
§6.74; Triplet-67.24 260 nm |[m/e 107
4 14.9 9.61 Triplet-81.24; Singlet-|{ Amax at|90% 3-picoline,
§2.24; Quartet-62.72; 255 nm |m/e 93 |4-picoline
Multiplet-66.98; 10% and 2-ethy]l
Multiplet-67.35; m/e 107 {pyridine
Singlet-68.30
5 17.3 12.90 Triplet-5§1.21; Singlet-| amax at|90% 2,4-1utidine,
6§2.17; Singlet-5§2